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Preface 


Cryogenic cooling of detectors has always been the burden of sensitive infrared 
(IR) systems, particularly those operating in the middle-wavelength (MWIR) and 
long-wavelength (LWIR) range of the IR spectrum. Many efforts have been made 
to develop imaging IR systems that would not require cryogenic cooling. Until 
the 1990s—despite numerous research initiatives and the attractions of ambient- 
temperature operation and low-cost potential—room-temperature IR detector tech¬ 
nology enjoyed only limited success in competition with cooled photon detectors 
for thermal imaging applications. Only the pyroelectric vidicon received much at¬ 
tention, because it was hoped that it could be made practical for some applications. 
However, the advent of the staling focal plane array (FPA) at the beginning of the 
1980s marked the arrival of devices that would someday make uncooled systems 
practical for many commercial applications. 

Throughout the 1980s and early 1990s, many companies in the USA, especially 
Texas Instruments and Honeywell’s research laboratories, developed devices based 
on various thermal detection principles. By the early 1990s, good imagery was 
being demonstrated with 320 x 240 arrays. This success resulted in a decision in 
the mid-1990s by the U.S. Defense Advanced Research Projects Agency (DARPA) 
to redirect its support of HgCdTe to uncooled technologies. The goal was to create 
producible arrays that gave useful performance without the burden of fast (//1) 
LWIR optics. 

Infrared detectors with limited cooling have obvious advantages, including 
the elimination of power-consuming cryogenics; a reduction in size, weight, and 
cost; and greater reliability (an increase in the useful life and mean time to fail¬ 
ure). The number of applications potentially affected by near room temperature 
IR detector technology is widespread, including military applications such as bat¬ 
tlefield sensors; submunition seekers; surveillance, marine vision, and firefighting 
devices; hand-held imagers; and general “walking around” helmet-mounted sights. 
This technology also has widespread civilian applications in areas such as ther¬ 
mography, process control, sensitive heterodyne detection, fast pyrometry, Fourier 
and laser spectrophotometry, imaging interferometry, laser technology and metrol¬ 
ogy, long-wavelength optical communication, new types of gas analyzers, imaging 
spectrophotometers, thermal wave nondestructive material testing, and many oth¬ 
ers. 

The room-temperature operation of thermal detectors makes them lightweight, 
rugged, reliable, and convenient to use. However, their performance is modest, 
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and they suffer from slow response. Because they arc nonselective detectors, their 
imaging systems contain very broadband optics, which provide impressive sensi¬ 
tivity at a short range in good atmospheres. 

During the last decade we have observed a revolutionary emergence of FPAs 
based on thermal detectors. Their slow speed of response is no limitation for a 
staling system that covers the whole field of view without mechanical scanning, 
and their moderate performance can be compensated by a large number of elements 
in the array. 

At present, full TV-compatible arrays arc used, but they cannot be expected 
to replace the high-performance cryogenically cooled arrays without a scientific 
breakthrough. A response much shorter than that achievable with thermal detectors 
is required for many applications. Thermal detectors seem to be unsuitable for the 
next generation of IR thermal imaging systems, which are moving toward faster 
frame rates and multispectral operation. A response time much shorter than that 
achievable with thermal detectors is required for many nonimaging applications. 

Photon detectors (photodetectors) make it possible to achieve both high sensi¬ 
tivity and fast response. The common belief that IR photodetectors must be cooled 
to achieve a high sensitivity is substantiated by the huge and noisy thermal gen¬ 
eration in their small threshold energy optical transitions. The need for cooling is 
a major limitation of photodetectors and inhibits their more widespread applica¬ 
tion in IR techniques. Affordable high-performance IR imaging cameras require 
cost-effective IR detectors that operate without cooling, or at least at tempera¬ 
tures compatible with long-life, low-power, and low-cost coolers. Since cooling 
requirements add considerably to the cost, weight, power consumption, and incon¬ 
venience of an IR system, it is highly desirable to eliminate or reduce the cooling 
requirements. Recent considerations of the fundamental detector mechanisms sug¬ 
gest that, in principle, near-perfect detection can be achieved in the MWIR and 
LWIR ranges without the need for cryogenic cooling.* 

This book is devoted to high-operating-temperature (HOT) IR photodetectors. 
It presents approaches, materials, and devices that eliminate the cooling require¬ 
ments of IR photodetectors operating in the middle- and long-wavelength ranges 
of the IR spectrum. This text is based mainly on the authors’ experiences in devel¬ 
oping and fabricating near room temperature HgCdTe detectors at Vigo Systems 
Ltd. and at the Institute of Applied Physics Military University of Technology (both 
in Warsaw, Poland). 

The main approaches to minimizing thermal generation in the active element 
of a detector without sacrificing quantum efficiency include: 

• Optimization of the material bandgap and doping; 

• Reduction of the detector volume using optical concentrators, backside re¬ 
flectors, and optical resonant cavities; 

*See, e.g., J. Piotrowski in Infrared Photon Detectors , A. Rogalski (Ed.), 391^194, SP1E Press, 
Bellingham, WA (1995); C. T. Elliott. N. T. Gordon, and A. M. White, Appl. Phys. Lett. 74 , 2881- 
2883 (1999); and M. A. Kinch, J. Electr. Mater. 29, 809-817 (2000). 
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• Suppression of Auger thermal generation with nonequilibrium depletion of 
the semiconductor; and 

• Use of new natural and engineered semiconductors with reduced thermal 
generation. 

This text also discusses solutions to other specific problems of high-temperature 
detection, such as poor collection efficiency due to a short diffusion length, the 
Johnson-Nyquist noise of parasitic impedances, and interfacing of very low- 
resistance devices to electronics. 

We also consider different types of IR photodetectors, especially photoconduc¬ 
tors, photoelectromagnetic (PEM) detectors, Dember effect detectors, and photo¬ 
diodes, with major emphasis on devices based on HgCdTe alloys. Special attention 
is given to optimization of the devices for room-temperature operation and the new 
detector designs that arc necessary to solve specific problems of high-temperature 
operation. Additional topics include an approach proposed by British workers to 
reduce photodetector cooling requirements based on a nonequilibrium mode of op¬ 
eration, and alternative material systems to the current market-dominant HgCdTe, 
such as a number of II-VI and III-V semiconductor systems (HgZnTe, HgMnTe, 
InAsSb) and some artificial narrow-gap semiconductors based on type-II superlat¬ 
tices (InAs-GalnSb). 

This book was written for those who desire a comprehensive analysis of the 
latest developments in HOT IR photodetector technology and a basic insight into 
the fundamental processes that are important in room-temperature detector oper¬ 
ation. Special efforts arc focused on the physical limits of detector performance 
and a performance comparison of different types of detectors. The book is suit¬ 
able for graduate students in physics and engineering who have received a basic 
preparation in modern solid state physics and electronic circuits. This book will 
also be of interest to individuals who work with aerospace sensors and systems, re¬ 
mote sensing, thermal imaging, military imaging, optical telecommunications, IR 
spectroscopy, and lidar. To satisfy all these needs, each chapter first discusses the 
principles needed to understand the chapter topic as well as some historical back¬ 
ground before presenting the reader with the most recent information available. For 
those currently in the field, this book can be used as a collection of useful data, as 
a guide to literature in the field, and as an overview of topics in the field. The book 
also could be used as a reference for participants of educational short courses, such 
as those organized by SPIE. 

The book starts with two overview chapters. Chapter 1 describes figures of 
merit, which characterize IR thermal imagers and their cooling requirements. 
Chapter 2 is an overview of the fundamental limitations to IR photodetector per¬ 
formance imposed by the statistical nature of the generation and recombination 
process in semiconductor material. Radiometric considerations are also included. 
In this chapter we try to establish the ultimate theoretical sensitivity limit that can 
be expected for a detector operating at a given temperature. The model presented 
in Chapter 2 is applicable to any class of photodetector. 
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Chapter 3 describes the properties of material systems used to fabricate HOT 
IR photodetectors. Although the HgCdTe ternary alloy currently holds the domi¬ 
nant market position, a number of II-VI and III-V semiconductor systems are de¬ 
scribed as alternatives. Chapter 4 presents the general theory of intrinsic detectors 
with an emphasis on electrical and optical properties, together with the generation- 
recombination mechanisms that directly influence the performance of IR detectors 
at near room temperature. The next two chapters describe specific approaches to 
the most popular HgCdTe detectors: photoconductors and photodiodes. In contrast 
to photoconductors, photodiodes, with their very low-power dissipation, can be as¬ 
sembled in 2D arrays containing a very large (>10 6 ) number of elements, limited 
only by existing technologies. At present, photodiodes are the most promising de¬ 
vices for uncooled operation, and significant efforts are directed toward improving 
the fabrication of multiple heterojunction and Auger-suppressed devices. 

Other than photoconductors and photodiodes, three other junctionless devices 
are used for uncooled IR photodetectors: photoelectromagnetic (PEM) detectors, 
magnetoconcentration detectors, and Dember effect detectors. The technologies 
and performances of these three devices arc described in Chapter 7. Chapter 8 is 
devoted to lead salt photodetectors, which were brought to the manufacturing stage 
of development during World War II. More than 60 years later, low-cost PbS and 
PbSe polycrystalline photoconductors remain the choice for many applications in 
the 1-3 pm and 3-5 pm spectral regions. The objective of Chapter 9 is to present 
the status of alternatives to the current market-dominant HgCdTe detectors. Detec¬ 
tors fabricated from a number of II-VI and III-V semiconductor systems such as 
HgZnTe, HgMnTe, InAsSb, and type-II InAs/GalnSb superlattices are presented. 
Chapter 10 presents our final remarks. 

The authors have benefited from the kind cooperation of many scientists who 
arc actively working in narrow-gap semiconductor detectors. The preparation of 
this book was aided by many informative and stimulating discussions between 
the authors and their colleagues at Vigo System S.A. and the Institute of Applied 
Physics, Military University of Technology in Warsaw, Poland. These colleagues 
provided many illustrations and practical results. Special thanks arc also extended 
to L. Faraone, C. Musca, J. Dell, and J. Antoszewski of the Microelectronics 
Research Group, University of Western Australia, for numerous discussions and 
their help with manuscript preparation. Thanks also go to SPIE Press, especially 
Margaret Thayer for her cooperation and care in publishing this text. 


Jozef Piotrowski and Antoni Rogalski 

February 2007 
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Introduction 

1.1 General Remarks 

Sensors that are used to detect optical radiation arc usually confined to use in 
two types of detectors: thermal detectors and photon detectors. Thermal detectors 
sense the heat generated by the absorbed radiation, so their operation is a two- 
step process: conversion of the radiation energy into heat, followed by conversion 
of the heat energy into the energy of an electrical signal. The incident radiation 
is absorbed to change the material temperature, and the resultant change in some 
physical property is used to generate an electrical output. 

Despite this two-step operation, thermal detectors are relatively simple devices 
(see Fig. 1.1) that operate primarily at ambient temperature. In general, a thermal 
detector is suspended on lags that are connected to a heat sink. The signal does not 
depend upon the photonic nature of the incident radiation. Thus, thermal effects 
arc generally wavelength independent; the signal depends on the radiant power 
(or its rate of change) but not on its spectral content, assuming that the mechanism 



Figure 1.1 The simplest representation of the thermal detector. The detector is represented 
by a thermal capacitance C r /, coupled via a thermal conductance G,/, to a heat sink at a 
constant temperature T. AT is the temperature difference due to the optical signal. 
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responsible for the absoiption of the radiation is itself wavelength independent (see 
Fig. 1.2). 

Three approaches have found the greatest utility in infrared (IR) technology, 
namely bolometers, pyroelectric effects, and thermoelectric effects. In pyroelectric 
detectors, a change in the internal electrical polarization is measured, whereas in 
the case of thermistor bolometers, a change in the electrical resistance is measured. 
Because they are not selective, thermal detectors can be used in an extremely wide 
range of the electromagnetic spectrum, from x ray to ultraviolet (UV), visible, IR, 
and microwave. This is the case for any radiation in which the energy can be read¬ 
ily converted to heat. They have found widespread use in low-cost applications 
that do not require superior performance and high speed. Their room- temperature 
operation makes them lightweight, rugged, reliable, and convenient to use. How¬ 
ever, they are characterized by modest sensitivity and suffer from a slow response 
(because heating and cooling of a detector element is a relatively slow process). 

Until the 1990s, thermal detectors were considerably less exploited in commer¬ 
cial and military systems in comparison with photon detectors. The reason for this 
disparity is that thermal detectors were popularly believed to be rather slow and 
insensitive compared to photon detectors, and useless in scanned thermal imagers. 
As a result, the worldwide effort to develop thermal detectors was extremely small 
relative to that of photon detectors. However, during the last decade there has been 
a revolutionary emergence of focal plane arrays based on thermal detectors. 1 The 
slow speed of response is no limitation for a staling system covering the whole 
held of view without mechanical scanning, and thermal detectors’ moderate sensi¬ 
tivity can be compensated by a large number of elements in two-dimensional (2D) 
electronically scanned arrays. With large arrays of thermal detectors, the best val¬ 
ues of temperature resolution below 0.05 K can be reached because effective noise 
bandwidths less than 100 Hz can be achieved. A high sensitivity is also expected 
by imagers based on superconductor high-temperature bolometers and mechanical 
cantilever “bimaterial” detectors. Mid-range 10 8 cm Hz 1/2 /W detectivity is typical 



Wavelength 


Figure 1.2 Relative spectral response for a photon detector and a thermal detector. 
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Conduction band 



Valence band 


Figure 1.3 Fundamental optical excitation processes in semiconductors: (a) intrinsic ab¬ 
sorption, (b) extrinsic absorption, and (c) tree-carrier absorption. 

for the present microbolometer arrays, while the theoretical limit for radiation heat 
transfer noise is 1.8 x 10 10 cmHz 1/2 /W at room temperature. 

With the second class of IR detectors, photon detectors (photodetectors), the ra¬ 
diation is absorbed within the material by interaction with electrons (see Fig. 1.3) 
that are either bound to lattice or impurity atoms or are free electrons. The ob¬ 
served electrical output signal results from the changed electronic energy distrib¬ 
ution. Photon detectors show a selective wavelength dependence of response per 
unit of incident radiation power (Fig. 1.2). They exhibit both perfect signal-to- 
noise performance and a very fast response. But to achieve this, the present photon 
detectors require cryogenic cooling. 

The class of photon detectors is further subdivided into different types based 
on the nature of the detector’s interaction, as shown in Table 1.1. The most impor¬ 
tant types are intrinsic detectors, extrinsic detectors, photoemissive (metal silicide 
Schottky barriers) detectors, and quantum well detectors. Depending on how the 
electric or magnetic fields are developed, there are various modes of operation 
such as photoconductive, photovoltaic, photoelectromagnetic (PEM), and photoe¬ 
missive. Each material system can be used for different modes of operation. 

A common belief is that an IR photodetector must be cooled to achieve a high 
sensitivity. The detection of long-wave infrared (LWIR) radiation, which is char¬ 
acterized by low photon energy, requires the electron transitions to be free-charge 
carriers of energy lower than the photon energy. Therefore, at near room temper¬ 
atures, the thermal energy kT is comparable to the transition energy. The direct 
consequence of this is a very high rate of thermal generation by the charge carri¬ 
ers. The statistical nature of this process generates signal noise. As a result, long- 
wavelength detectors become very noisy when operated at near room temperature. 
Cooling is a direct, straightforward, and very efficient way to suppress the ther¬ 
mal generation of charge carriers, while at the same time being a very impractical 
method because it adds considerably to the cost, weight, power consumption, and 
inconvenience of an IR system. The need for cooling is a major limitation of pho¬ 
todetectors and inhibits the more widespread application of IR technology. Afford¬ 
able high-performance IR imaging cameras require cost-effective IR detectors that 
operate without cooling, or at least at temperatures compatible with long-life, low- 
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power, and low-cost coolers. Thus, it is highly desirable to eliminate or reduce the 
cooling requirements in an IR system. 

Can thermal detectors replace photon detectors in most applications where un¬ 
cooled operation is essential? The answer is simply—no! Thermal detectors seem 
to be less suitable for the next generation of IR thermal imaging systems, which 
are moving toward faster frame rates and multispectral operation; they arc com¬ 
pletely useless for many imaging and nonimaging applications that require nano- 
and subnano-second responses. 

Photodetectors make it possible to achieve both high sensitivity and fast re¬ 
sponse (see, e.g.. Refs. 2, 3). They are devices that detect radiation by direct inter¬ 
action of photons with electrons in the detector material. This interaction generates 
free-charge carriers in intrinsic or extrinsic detectors, or delivers the necessary en¬ 
ergy to charge carriers confined within a potential well to overcome the barrier. 

A number of concepts to improve performance of photodetectors operating at 
near room temperatures have been proposed. 4-6 Recent results show that, in prin¬ 
ciple, the ultimate limits of sensitivity, even for wavelengths exceeding 10 pm, can 
be achieved without the need for cryogenic cooling. 7 - 8 

1.2 Detector Figures of Merit 

It is difficult to measure the performance characteristics of IR detectors because of 
the large number of experimental variables involved. A variety of environmental, 
electrical, and radiometric parameters must be taken into account and carefully 
controlled. With the advent of large 2D detector arrays, detector testing has become 
even more complex and demanding. Numerous texts and journals cover this issue, 
including: Infrared System Engineering by R. D. Hudson; 9 The Infrared Handbook 
edited by W. L. Wolfe and G. J. Zissis; 10 The Infrared and Electro-Optical Systems 
Handbook edited by J. S. Accetta and D. L. Shumaker; 11 and Fundamentals of 
Infrared Detector Operation and Testing by J. D. Vincent. 12 In this volume we 
have restricted our consideration to detectors whose output consists of an electrical 
signal that is proportional to the radiant signal power. 

The measured data described in this text arc sufficient to characterize a detector. 
However, to provide ease of comparison between detectors, certain figures of merit, 
computed from the measured data, will be defined in this section. 

1.2.1 Responsivity 

The responsivity of an IR detector is defined as the ratio of the root mean square 
(rms) value of the fundamental component of the electrical output signal of the de¬ 
tector to the rms value of the fundamental component of the input radiation power. 
The units of responsivity are volts per watt (V/W) or amperes per watt (ampAV). 

The voltage (or analogous current) spectral responsivity is given by 

<MA)AA’ 


Rv( A, /) = 


( 1 . 1 ) 
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where V s is the signal voltage due to <3> e , and <E e (A) is the spectral radiant incident 
power (in W/m). 

An alternative to the above monochromatic quality, the blackbody responsivity, 
is defined by the equation 


Rv(T, f) = 


Vs 

'Vebb 


Vs 



4> e (A)dA 


( 1 . 2 ) 


where the incident radiant power is the integral over all wavelengths of the spectral 
density of power distribution <b e (A) from a blackbody. The responsivity is usually 
a function of the bias voltage V[,, the operating electrical frequency /, and the 
wavelength A. 


1.2.2 Noise equivalent power 


The noise equivalent power (NEP) is the incident power on the detector generating 
a signal output equal to the rms noise output. Stated another way. the NEP is the 
signal level that produces a signal-to-noise ratio (SNR) of 1. It can be written in 
terms of responsivity as 


V„ /„ 

NEP = — = 


R,< 


Ri 


(1.3) 


The unit of NEP is the watt. 

The NEP is also quoted for a fixed reference bandwidth, which is often assumed 
to be 1 Hz. This “NEP per unit bandwidth” has a unit of watts per square root hertz 
(W/Hz 1/2 ). 

1.2.3 Detectivity 


The detectivity D is the reciprocal of NEP: 

1 

D = -. 

NEP 


(1.4) 


It was found by Jones 13 that for many detectors, the NEP is proportional to the 
square root of the detector signal that is proportional to the detector area, A d . This 
means that both NEP and detectivity are functions of the electrical bandwidth and 
detector area, so a normalized detectivity D* (or “D-star”) suggested by Jones 13,14 
is defined as 


D* = D(A d Af)V 2 = 


(A d Af) i r- 


(1.5) 


NEP 
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The importance of D* is that this figure of merit permits a comparison of de¬ 
tectors that have different areas. Either a spectral or blackbody D* can be defined 
in terms of the corresponding type of NEP. 

Elseful equivalent expressions to Eq. (1.5) include: 


D* = (AdA ^ 7 R v = (AdA f ] 7 R t = ( A ^A/) ' (SNR)> 

In e 


( 1 . 6 ) 


where D* is defined as the rms SNR in a 1-Hz bandwidth per unit rms inci¬ 
dent radiant power per square root of detector area. D* is expressed by the unit 
cmHz 1/2 W -1 , which also has been called a “Jones.” 

Spectral detectivity curves for a number of commercially available IR detec¬ 
tors are shown in Fig. 1.4. Interest has centered mainly on the wavelengths of 
the two atmospheric windows 3-5 pm (middle wavelength infrared or MWIR) and 
8-14 pm (the LWIR region). Atmospheric transmission is the highest in the MWIR 
and LWIR bands, and the emissivity maximum of the objects at T ~ 300 K is at the 



Figure 1.4 Comparison of the D* of various commercially available IR detectors when op¬ 
erated at the indicated temperature. Chopping frequency is 1000 Hz for all detectors except 
the thermopile (10 Hz), thermocouple (10 Hz), thermistor bolometer (10 Hz), Golay cell 
(10 Hz), and pyroelectric detector (10 Hz). Each detector is assumed to view a hemispheri¬ 
cal surrounding at a temperature of 300 K. Theoretical curves for the background-limited D* 
(dashed lines) for the ideal photovoltaic and photoconductive detectors and for thermal de¬ 
tectors are also shown. Key: PC = photoconductive detector, PV = photovoltaic detector, 
PE = photoemissive detector, and PEM = photoelectromagnetic detector. 
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wavelength A ~ 10 pm. However, in recent years space applications have increased 
the interest in longer wavelengths. 

The blackbody D*(T, /) may be found from spectral detectivity: 


D*(T, f) = 


L 


OO POO 

*r\ E\ rU (T' WA\ I 


D (A, f)Q e (T, A)dA 


/; 


D (A, f)E e (T,X)dX 


f 

Jo 


<& e (T, X)dX 


f 

Jo 


(1.7) 


E e (T,X)dX 


where <F e (7\ A) = E e (T, X)Aj is the incident blackbody radiant flux (in W), and 
E e (T , A) is the blackbody irradiance (in W/m 2 ). 

The ultimate performance of IR detectors is reached when the detector and 
amplifier noise are low compared to the photon noise. The photon noise is funda¬ 
mental in the sense that it arises not from any imperfection in the detector or its 
associated electronics, but rather from the detection process itself as a result of the 
discrete nature of the radiation field. 


1.3 Detectivity Requirements for Thermal Imagers 


For focal plane arrays (FPAs), the relevant figure of merit is the noise equivalent 
temperature difference (NEDT), the temperature change of a scene required to pro¬ 
duce a signal equal to the rms noise. The configuration of a basic thermal imager 
system is shown in Fig. 1.5. 

It can be shown that the NETD of an IR imager is 


NETD — 


4-iqjrA/ 1 / 2 

a'J 2 m* 


( 1 . 8 ) 


where F# is the optics /-number, A/ is the frequency band, A ( i is the detector 
area, and M* is the thermal figure of merit, which is dependent on the detectivity of 
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detector D*( A) and spectral blackbody exitance R(A, T), described by the Planck 
law between two wavelengths Aj and A 2 as 


M * 



D*( A) 


dR( a, r) 
ar 


r/A, 


(1.9) 


R(A, r) = 


2jthc 2 

A 5 


exp 




( 1 . 10 ) 


where c = 2.998 x 10 8 m/s is the light velocity, h = 6.6256 x 10 -34 J s is the 
Planck’s constant, and k = 1.38054 x 10~ 23 J/K is the Boltzmann’s constant. 14 ' 15 
For nonselective detectors, 


M* = D* f 9/?(A ’ r) r/A. (1.11) 

A, ar 

Infrai'ed imaging systems with staring arrays demand less bandwidth when com¬ 
pared to scanning systems. Reducing pixel size is important for lightweight im¬ 
agers, but a higher D* would be necessary to compensate for NETD deterioration 
with smaller pixel size [see Eqs. (1.8) and (1.11)]. 

Table 1.2 shows the AA(A/A co )[3R(A, T)/dT]dA and D* required for 
NETD — 0.1 K as a function of spectral range for a staling IR imager with rel¬ 
atively fast optics (F# =1), operating with a standard frame rate (50 frames/sec). 

The detectivity required for a thermal detector operating over the entire spectral 
range is 0.65 x 10 8 cmHz 1/2 AV. Reducing the spectral range to the 8-14 pm at¬ 
mospheric window increases this detectivity by a factor of ~ 2.3. Operation in the 
3-5 pm atmospheric window would require a significant increase of detectivity— 
by more than one order of magnitude. This makes thermal detectors not very useful 
for operation outside the LWIR atmospheric window. 


Tablel.2 The /^ ra (A/A co )[3F(A, T)/dT]dX and detectivity required for NETD = 0.1 K(F# = 
1 , T = 300 K, detector size 50 x 50 pm). 


Spectral 
range (pm) 

A 3F(A, T) 

D* 

(cmHz 1/2 AV) 

A 1 A co d T 
(W/m 2 K) 

0-infinity 

6.12 

0.65 x 10 8 

0-14 

4.25 

0.94 x 10 8 

8-14 

2.63 

1.52 x 10 8 

3-5 

0.186 

2.15 x 10 9 
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X (iJm) 

Figure 1.6 Dependence of k — / 0 Acd (A/A co )[3W(A, T)/dT]d\ on wavelength; T = 300 K. 


Consider an ideal photon counter detector with cutoff wavelength of A co . In this 
case, 


M* = D* 



A dR(\T) 
- a A 

A co dT 


( 1 . 12 ) 


Figure 1.6 shows Jq co (A/A co )[9 R(X, T)/dT\d\ as a function of wavelength. 
This function initially increases with wavelength, achieving its maximum just 
above the 8-14 pm spectral range band. 

Let’s consider NETD = 0.1 K as a minimal requirement for thermal im¬ 
agers. As Fig. 1.7 shows, detectivity measures of 1.9 x 10 8 cmHz 1/2 /W, 2.3 x 
10 s cmHz 1/2 /W, and 2 x 10 9 cmHz 1/2 /W are necessary for an NETD of 0.1 K for, 
respectively, the 10 pm, 9 pm, and 5 pm cutoff wavelength photon counter detec¬ 
tors. Very good thermal imaging will require an NETD by a factor 3 to 10 less. 
Can this be achieved at near room temperature using photodetectors? The answer 
to this question is given in Chapter 4. 


1.4 Cooling of IR Detectors 

The method of cooling varies according to the operating temperature and the sys¬ 
tem’s logistical requirements. 16,17 Various types of cooling systems have been de¬ 
veloped including dewars with cryogenic liquids or solids, Joule-Thompson open 
cycle, Stirling closed cycle, and thermoelectric coolers (see Fig. 1.8). These sys¬ 
tems are discussed briefly below. 
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Cutoff wavelength (pm) 

Figure 1.7 Dependence of detectivity on cutoff wavelength for a photon counter detector 
with thermal resolution of 0.1 K. 



(a) 


High pressure 



Counterflow 

heat 

exchanger 


(b) 



Figure 1.8 Three ways of cooling IR detectors: (a) four-stage thermoelectric cooler (Peltier 
effect), (b) Joule-Thompson cooler, and (c) Stirling-cycle engine. 
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1.4.1 Cryogenic dewars 

Most 8-14-pm detectors operate at approximately 77 K and can be cooled by liquid 
nitrogen. Cryogenic liquid pour-filled dewars are frequently used for detector cool¬ 
ing in laboratories. They arc rather bulky and need to be refilled with liquid nitro¬ 
gen every few hours. For many applications, especially in the field LN 2 , pour-filled 
dewars are impractical, so many manufacturers arc turning to alternative coolers 
that do not require cryogenic liquids or solids. 

1.4.2 Joule-Thompson coolers 

The design of Joule-Thompson coolers is based on the fact that as a high-pressure 
gas expands upon leaving a throttle valve, it cools and liquefies. The coolers require 
a high-pressure gas supply from bottles and compressors. The gas used must be 
purified to remove water vapor and carbon dioxide that could freeze and block the 
throttle valve. Specially designed Joule-Thompson coolers using argon arc suitable 
for ultrafast cool-down. 

1.4.3 Stirling cycle coolers 

Ever since the late 1970s, military systems have overcome the problem of LN 2 op¬ 
eration by utilizing Stirling closed-cycle refrigerators to generate the cryogenic 
temperatures necessary for critical IR detector components. These refrigerators 
were designed to produce operating temperatures of 77 K directly from DC power. 
Early versions were large and expensive, and suffered from microphonic and elec¬ 
tromagnetic interference (EMI) noise problems. Today, smaller and more efficient 
integral and split Stirling coolers have been developed and refined. 

The use of cooling engines, in particular those employing the Stirling cycle, has 
increased recently due to their efficiency, reliability, and cost reduction. Stirling en¬ 
gines require several minutes of cool-down time; the working fluid is helium. Both 
Joule-Thompson and engine-cooled detectors arc housed in precision-bore dewars 
into which the cooling device is inserted (see Fig. 1.8). The detector, mounted in the 
vacuum space at the end of the inner wall of the dewar and surrounded by a cooled 
radiation shield compatible with the convergence angle of the optical system, looks 
out through an IR window. In some dewars, the electrical leads to detector elements 
are embedded in the inner wall of the dewar to protect them from damage due to 
vibration. 

Typical Stirling cooler parameters arc: 

• For integral: mass—0.3 kg, heat load—0.15 W, input power—3.5 W, shelf 
life—5 years, mean time before failure (MTBF) = 2000 hr - , size with 
detector—9 x 9 cm, 80 K achievable in 4 minutes, significant microphon¬ 
ics. After 2000 to 3000 hours of operation, this cooler will require factory 
service to maintain performance. Because the dewar and cooler is one inte¬ 
grated unit, the entire unit must be serviced together. 
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• For split: input power ~ 20 W, 1.5 W heat load, fewer microphonics, 8-year 
MTFB. The detector is mounted on the dewar bore, and the cold finger of the 
cooler is thermally connected to the dewar by a bellows. A fan is necessary to 
dissipate the heat. The cooler can be easily removed from the detector/dewar 
for replacement. 

Closed-cycle coolers offer the ultimate detector performance without the need 
for bulk liquid nitrogen. However, the high initial cost, large input power, and lim¬ 
ited operating life are not suited for many applications. 

1.4.4 Peltier coolers 

Thermoelectric (TE) cooling of detectors is simpler and less costly than closed- 
cycle cooling. In the case of Peltier coolers, detectors are usually mounted in a 
hermetic encapsulation with a base designed to make good contact with a heat sink. 
TE coolers can achieve temperatures to ~ 200° K, have ~ 20-year operating life 
and low input power (<1 W for a 2-stage device and <3 W for a 3-stage device), 
and arc small and rugged. Peltier coolers can be used to stabilize the temperature 
at the required level. There are hopes for much better performance of TE coolers 
based on superlattice materials. 18 With the TE figure of merit, ZT, almost three 
times larger than that in Bi 2 Te 3 , temperatures of <200 K would be achievable with 
simple 2-stage TE coolers based on the new materials. 
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Chapter 2 


Fundamental Performance 
Limitations of Infrared 
Photodetectors 


This chapter discusses the fundamental limitations to IR photodetector perfor¬ 
mance imposed by the statistical nature of the generation and recombination 
processes in the semiconductor material, and radiometric considerations. We will 
try to establish the ultimate theoretical sensitivity limit that can be expected for 
a detector operating at a given temperature. The model presented here is applica¬ 
ble to any of the photodetector classes mentioned in Chapter 1. We will also at¬ 
tempt to describe how to improve the performance of the device by taking into 
account fundamental physics. The nonfundamental limitations, such as Shockley- 
Read processes, contact phenomena, bias power dissipation, high electric fields, 
dislocations, fabrication problems, current gain, and quantum efficiency peculiari¬ 
ties, will be addressed later in this chapter. 

2.1 Infrared Photon Detector Classifications 

As discussed in Chapter 1, IR photodetectors are usually classed as one of five 
types based on the type of optical transitions involved in the process of absorption 
of radiation 1 : 

1. Intrinsic 

2. Extrinsic 

3. Photoemissive 

4. Quantum wells 

5. Quantum dots 

Recently this standard classification was reconsidered by Kinch, 2 as discussed 
briefly below. 

Photon detectors can be divided into two broad classes, namely majority and 
minority carrier devices. The material systems used arc: 
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1. Direct bandgap semiconductors—minority carriers 

• Binary alloys: InSb, InAs 

• Ternary alloys: HgCdTe, InGaAs 

• Type II, III superlattices: InAs/GalnSb, HgTe/CdTe 

2. Extrinsic semiconductors—majority carriers 

• Si:As, Si:Ga, Si:Sb 

• Ge:Hg, Ge:Ga 

3. Type I superlattices—majority carriers 

• GaAs/AlGaAs quantum well infrared photodetectors (QWIPs) 

4. Silicon Schottky barriers—majority carriers 

• PtSi, IrSi 

5. High-temperature superconductors—minority carriers 

All of these material systems have been serious players in the IR marketplace 
with the exception of high-temperature superconductors. 

2.2 Theoretical Model 

Let us consider a generalized model of a photodetector, which by its optical area 
A„ is coupled to a beam of IR radiation. 3-6 The detector is a slab of homogeneous 
semiconductor with actual “electrical” area, A e , and thickness t (see Fig. 2.1). Usu¬ 
ally, the optical and electrical areas of the device are the same or similar. However, 



Figure 2.1 Model of a photodetector. 
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the use of some kind of optical concentrator can increase the A a /A e ratio by a large 
factor. 

The current responsivity of the photodetector is determined by the quantum 
efficiency, r|, and by the photoelectric gain, g. The quantum efficiency describes 
how well the detector is coupled to the impinging radiation. It is defined here as the 
number of electron-hole pairs generated per incident photon in an intrinsic detector, 
the number of generated free unipolar charge carriers in an extrinsic detector, or the 
number of charge carriers with energy sufficient to cross the potential barrier in a 
photoemissive detector. The photoelectric gain is the number of carriers passing 
contacts per one generated pair in an intrinsic detector, or the number of charge 
carriers in other types of detectors. This value shows how well the generated charge 
carriers arc used to generate current response of a photodetector. Both values arc 
assumed here as constant over the volume of the device. 

The spectral current responsivity is equal to 

An 

Ri = ~r~Q8’ (2.1) 

he 

where A is the wavelength, h is the Planck’s constant, c is the velocity of light, 
q is the electron charge, and g is the photoelectric current gain. The current that 
flows through the contacts of the device is noisy due to the statistical nature of the 
generation and recombination processes—fluctuation of optical generation, ther¬ 
mal generation, and radiative and nonradiative recombination rates. Assuming that 
the current gain for the photocurrent and the noise current arc the same, the noise 
current is 


In =2 q 2 g 2 ( g op + gth + r ) A/, (2.2) 

where g op is the optical generation rate, g t h is the thermal generation rate, r is the 
resulting recombination rate, and A/ is the frequency band. 

It should be noted that the effects of a fluctuating recombination frequently can 
be avoided by arranging for the recombination process to take place in a region of 
the device where it has little effect due to a low photoelectric gain—for example, 
at the contacts in sweep-out photoconductors, at the backside surface of a photo- 
electromagnetic detector, or in the neutral regions of the diodes. The generation 
processes with their associated fluctuations, however, cannot be avoided by any 
means. 7 ’ 8 

Detectivity, D*, is the main parameter to characterize normalized signal-to- 
noise performance of detectors, and can be defined as 

= Ri(A 0 Af) 1 / 2 


I, 


(2.3) 
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2.2.1 Optical generation noise 

Optical generation noise is photon noise due to fluctuation of the incident flux. The 
optical generation of the charge carriers may result from three different sources: 

• signal radiation generation 

• background radiation generation 

• thermal self-radiation of the detector itself at a finite temperature. 

2.2.1.1 Noise due to optical signal 

The optical signal generation rate (photons/s) is 

Sop = 4\sA 0 r|, (2.4) 

where <t> v is the signal photon flux density. 

If recombination does not contribute to the noise, 

I„ = 2^ s A 0 r\q 2 g 2 Af (2.5) 


and 


D* 




1/2 


2 l / 2 <t>l /2 hc 


( 2 . 6 ) 


This is the ideal situation, when the noise of the detector is determined entirely by 
the noise of the signal photons. Usually, the noise due to optical signal flux is small 
compared to the contributions from background radiation or thermal generation- 
recombination processes. An exception is heterodyne detection, when the noise 
due to the powerful local oscillator radiation may dominate. 


2.2.1.2 Noise due to background radiation 

Background radiation frequently is the main source of noise in a detector. Assum¬ 
ing no contribution due to recombination, 

In = B A a r\q 2 g 2 Af, (2.7) 


where <&b is the background photon flux density. Therefore, 


M 1/2 


/icd>g /2 ’ 


( 2 . 8 ) 


Once background-limited performance is reached, quantum efficiency, r\, is the 
only detector parameter that can influence a detector’s performance. 
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Figure 2.2 Use of cold aperture to reduce a detector’s field of view. 


The background photon flux density is controlled by background temperature, 
its emissivity. and the detector’s field of view (FOV), which can be limited by a cold 
shield. When circular cold aperture is used to limit a detector’s FOV, as shown in 
Fig. 2.2, then 


4>g = 7tLg sin 2 0, 


(2.9) 


where Lg is the background radiance. 

Consider a detector that is a photon counter with cutoff wavelength A co . For 
blackbody background radiation, 


L b — 2c 


/ 


i-4 


exp 


he 

A kT 


-l 


d\ 


( 2 . 10 ) 


and 


d>g — 27tc sin' 0 


/' 


\ —4 


exp 




( 2 . 11 ) 


Figure 2.3 shows the peak spectral Dg LIp of a photon counter versus the cut¬ 
off wavelength plot calculated for 300 K background radiation and hemispher¬ 
ical FOV (0 = 90 deg). The minimum Dg LIp (300 K) occurs at 14 pm and is 
equal to 4.6 x 10 10 cmHz 1//2 AV. For some photodetectors that operate at near¬ 
equilibrium conditions, such as non-sweep-out photoconductors, the recombina¬ 
tion rate is equal to the generation rate. For these detectors the contribution of 
recombination to the noise will reduce Z)g LIp by a factor of 2 1 / 2 . Note that Z)g LIp 
does not depend on area and the A 0 /A e ratio. As a consequence, the background- 
limited and signal-limited performances cannot be improved by making A a /A e 
large. 
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X (pm) 

Figure 2.3 Calculated peak spectral detectivities of a photon counter limited by the hemi¬ 
spherical FOV background radiation as a function of the peak wavelength and temperature. 

2.2.1.3 Internal radiative generation 

In contrast to the signal and background related processes, optical generation is 
connected with the detector itself and may be of importance for detectors operating 
at near room temperatures. The related ultimate performance is usually calculated, 
assuming blackbody radiation and taking into account the reduced speed of light 
and wavelength due to a greater than 1 refractive index of the detector material 
and full absoiption of photons with energy larger than the bandgap. 9 The carrier 
generation rate per unity area is 


9 r d\ 

s ° = inc,r l (2 - 12) 

where n is the refractive index. Note that the generation rate is a factor of 4 n 2 
larger compared to the 180-deg FOV background generation for p = 1 [compare 
to Eq. (2.11)]. Therefore, the resulting detectivity 


A r\A 0 

hc(2g a A e ) 1 / 2 


(2.13) 


will be a factor of 2 n lower when compared to BLIP detectivity for a background 
at detector temperature ( A e = A a ). The internal thermal radiation limited D* can 
be improved by making A a /A e large, in contrast to 1) ^ lp . 

When Humpreys re-examined the existing theories of radiative recombination 
and internal optical generation, 10,11 he indicated that most photons emitted as a 
result of radiative recombination are immediately reabsorbed inside the detector, 
generating charge carriers. Due to reabsorption, the radiative lifetime is highly ex¬ 
tended, which means that the internal optical generation-recombination processes 
could be practically noiseless in optimized devices. Therefore, the ultimate limit of 
performance is set by the signal or background photon noise. 
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2.2.2 Thermal generation and recombination noise 


Infrared photodetectors operating at near room temperature and low-temperature 
devices operated at low background irradiances are generally limited by thermal 
generation and recombination mechanisms rather than by photon noise. For effec¬ 
tive absorption of IR radiation in a semiconductor, we must use material with a low 
energy of optical transitions compared to the energy of photons to be detected— 
for example, semiconductors with a narrower band gap. A direct consequence of 
this fact is that at near room temperatures, the thermal energy of charge carriers, 
kT, becomes comparable to the transition energy. This enables thermal transitions, 
making the thermal generation rate very high. As a result, the long-wavelength 
detector is very noisy when operated at near room temperature. 

For uniform volume generation and recombination rates G and R (in irT 6 s _1 ), 
the noise current is 


lf 1 =2(G + R)A e t\fq A g 


2 „ 2 . 


(2.14) 


therefore, 


D* = 


Ao \ l/2 n 


(2.15) 


2 1 /2/m(G + R) 1 / 2 \A e J t !/ 2 ‘ 

At equilibrium, the generation and recombination rates are equal. In this case, 

1/2 


D * = At 1 / 
2/;c(Gt) 1/2 \A e 


(2.16) 


2.3 Optimum Thickness of a Detector 

For a given wavelength and operating temperature, the highest performance can 
be obtained by maximizing q/[(G + R)t\F 2 . This is the condition for the highest 
ratio of the quantum efficiency to the square root of the sum of the sheet thermal 
generation and recombination rates. This means that high quantum efficiency must 
be obtained with a thin device. 

In the following calculations, we will assume A e = A„, perpendicular inci¬ 
dence of radiation, and negligible front and backside reflection coefficients. In this 
case, 


ri = l-e~ M , 

where a is the absorption coefficient. Then 


D = 


<x 


1/2 


(2.17) 


2 1 / 2 hc\G + R 


F(oct), 


(2.18) 
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where 


F{K,) =i^w- <219) 

The plot of F(ol ) is shown in Fig. 2.4. Function F(ott) achieves its maximum 

0.638 for t = 1.26/a. In this case r\ = 0.716, and the highest detectivity is 

A / a \ 1/2 

fl ’ = # ' 45 k(cTfi) ■ <2 - 20) 

The detectivity can also be increased by a factor of 2 1//2 for a double pass of radia¬ 
tion. This can be achieved with the use of a backside reflector. Simple calculation 
shows that the optimum thickness in this case is half that of the single pass case, 
while the quantum efficiency remains equal to 0.716. 

At equilibrium, the generation and recombination rates are equal. Therefore, 

£>* = ;^1«^r 1/2 . (2.21) 

2 he 

The effects of a fluctuating recombination can frequently be avoided by arrang¬ 
ing for the recombination process to take place in a region of the device where it has 
little effect due to low photoelectric gain: for example, at the contacts in sweep-out 
photoconductors or in the neutral regions of diodes. In this case, the noise can be 
reduced and the detectivity increased by a factor of 2 1 / 2 . However, the generation 
process, with its associated fluctuation, cannot be avoided by any means. If the re¬ 
combination process is uncorrelated with the generation process, it contributes the 
detector noise 


D* 


A 

2 x / 2 hc 


r\(Gt ) 


- 1/2 


( 2 . 22 ) 
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2.4 Detector Material Figure of Merit 

To summarize the discussion above, the detectivity of an optimized IR photodetec¬ 
tor of any type can be expressed as 


A / a \ 1/2 

D* = 0.31 — , (2.23) 

where 1 < k < 2 and is dependent on the contribution of recombination and back¬ 
side reflection, as shown in Table 2.1. 

As we can see, the ratio of the absorption coefficient to the thermal generation 
rates is the main figure of merit of any IR detector materials. This figure of merit, 
proposed for the first time by Piotrowski, can be utilized to predict ultimate per¬ 
formance of any IR detector and to select possible material candidates for use as 
detectors. 4,12 

The cx/G ratio versus temperature for different types of tunable materials with 
a hypothetical energy gap equal to 0.25 eV (A = 5 pm) and 0.124 eV (A = 10 pm) is 
shown in Fig. 2.5. Procedures used to calculate oc/G for different material systems 
are given in Ref. 13. It is apparent that HgCdTe is by far the most efficient detector 


Table 2.1 Dependence of the factor k in Eq. (2.23), optimum thickness, and quantum effi¬ 
ciency on contribution of recombination and presence of backside reflection. 


Backside 

reflection 

Contribution of 
recombination 

Optimum 

thickness 

Quantum 

efficiency 

k 

0 

R = G 

1.26/a 

0.716 

1 

1 

R = G 

0.63/a 

0.716 

2 1 /2 

0 

No 

1.26/a 

0.716 

2 l/2 

1 

No 

0.63/a 

0.716 

2 




Figure 2.5 a/G ratio versus temperature for (a) MWIR - A = 5 pm, and 
(b) LWIR - A = 10-pm photon detectors. (Reprinted from Ref. 14 with permission 
from the IOP.) 
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of IR radiation. One may also notice that a QWIP is a better material than extrinsic 
silicon. 

It should be noted that the importance of the thermal generation rate as a mater¬ 
ial figure of merit was recognized for the first time by Long. 15 It was used in many 
papers by English workers 16 ' 17 related to high operating temperature (HOT) de¬ 
tectors. More recently Kinch 12 introduced the thermal generation rate within 1/a 
depth per unit of area as the figure of merit, which is actually the inverse a/ G 
figure of merit originally proposed by Piotrowski. 12 

The calculation of the figure of merit requires a determination of the absoiption 
coefficient and the thermal generation rate, taking into account various processes 
of both a fundamental and a less fundamental nature. 

2.5 Reducing Device Volume to Enhance Performance 

One possible way to improve the performance of IR photodetectors is to reduce 
the total amount of thermal generation within the active element of the detector by 
reducing the detector volume, which is the product of its thickness and physical 
area. This must be done: 

• Without sacrificing quantum efficiency, 

• By preserving the required optical area, and 

• By keeping the acceptance angle of the detector large enough to intercept 
radiation from the IR system’s main optics. 

Interestingly, the performance of thermal detectors is related in a similar way to 
its physical area when the thermal conductance to the surrounding area is constant. 

2.5.1 Enhancing absorption 

Enhancing absoiption makes it possible to reduce a detector’s thickness without 
losing quantum efficiency. The simplest way to enhance absoiption is the use of a 
retroreflector to double pass in the IR radiation, as considered in Sec. 2.4. However, 
there are more efficient ways. 

The quantum efficiency of thin devices can be significantly enhanced by using 
interference phenomena to set up a resonant cavity within the photodetector. 18-23 
Various optical resonator structures are shown in Fig. 2.6. In the simplest method, 
interference occurs between the waves reflected at the rear, highly reflective sur¬ 
face, and at the front surface of the semiconductor. The thickness of the semicon¬ 
ductor is selected to set up the standing waves in the structure with peaks at the 
front and nodes at the back surface. The quantum efficiency oscillates with the 
thickness of the structure, and the thickness of the peaks corresponds to an odd 
multiple of A/4«, where n is the refractive index of the semiconductor. The gain 
in quantum efficiency increases with n. Higher gain can be obtained in the struc¬ 
tures shown in Fig. 2.6(b). With the use of interference effects, a strong and high 
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Figure 2.6 Schematic structure of interference-enhanced quantum efficiency in a photode¬ 
tector: (a) the simplest structure, (b) a structure immersed between two dielectric layers 
and supplied with a backside reflector, and (c) a structure immersed between two photonic 
crystals. 

nonuniform absoiption can be achieved even for long-wavelength radiation with 
a low absorption coefficient. For example, a 0.9 quantum efficiency is obtainable 
in the optimized Au/ZnS/HgCdTe/ZnS structures with a HgCdTe thickness as low 
as ~ 1.7 pm, which normally will have a quantum efficiency less than 0.2. 19 Even 
greater improvement is possible in structures with multiple dielectric layers, such 
as that shown in Fig. 2.6(c). 

Enhanced absorption due to interference effects seems to be particularly impor¬ 
tant for devices whose operation is dependent on the gradient of minority carriers, 
such as Dember and electromagnetic effect detectors. 3,19,24-26 An optimized reso¬ 
nant cavity structure with carefully selected thicknesses and reflection coefficients 
of all layers exhibits a detectivity enhanced by a factor of ~ 2-4 at peak wavelength 
compared to optimized conventional devices. 

It should be noted that the interference effects strongly modify the spectral 
response of a device, and the gain due to the optical cavity can be achieved only in 
narrow spectral regions. This may be an important limitation for applications that 
require a wide spectral band sensitivity. In practice, IR systems usually operate in 
a spectral band (e.g., atmospheric windows), and the use of resonant cavities may 
yield significant gains. Another limitation comes from the fact that efficient optical 
resonance occurs only for perpendicular incidence and is less effective for oblique 
incidence. This limits the use of devices with fast optics, and especially devices 
with optical immersion. 27,28 

2.5.2 Increasing the apparent “optical” area of a detector compared 
to its physical area 

Another possible means of improving the performance of an IR photodetector 
is to increase the apparent “optical” size of the detector in comparison with its 
actual physical size using a suitable concentrator that compresses the impinging 
IR radiation. This must be achieved without reducing the acceptance angle, or at 
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Figure 2.7 (a) Principle of optical immersion, and (b) ray tracing for an optical system with 
a combination of an objective lens and an immersion lens. 


least with limited reduction of the angles required by the fast optics of IR sys¬ 
tems. Various types of suitable optical concentrators can be used, including optical 
cones, conical fibers, and other types of reflective, diffractive, and refractive optical 
concentrators. 3,17,29-31 

An efficient way to achieve an effective concentration of radiation is to adhere 
the photodetector to a hemispherical or a hyperhemispherical immersion lens 32 
with the detector located at the center of curvature of the lens. The lens produces 
an image of the detector, and no spherical or coma aberration exists (aplanatic 
imaging). Due to this immersion, the apparent linear size of the detector increases 
by a factor of n. The image is produced at the detector plane. The principle of 
operation of a hemispherical immersion lens is shown in Fig. 2.7. 

The use of a hemispheric immersion lens in combination with an objective lens 
of an imaging optical system is shown in Fig. 2.7(b). The immersion lens plays the 
role of a field lens, which increases the FOV of the optical system. 

The limit to the compression is determined by the Lagrange invariant (A£2 
product) and the sin condition for an aplanatic system. 31 In air, the physical and 
the apparent size of the detector are related by the equation 

n 2 A e sinQ' = A o sin0, (2.24) 


where n is the lens refractive index; A e and A a arc the physical and apparent sizes 
of the detector, respectively; and 0 and 0' are the marginal ray angles before re¬ 
fraction at the lens and at the image, respectively. Therefore, 


A a , sin 0 

— — n - 

A e sin 0 


(2.25) 


For the hemispherical lens, the marginal ray angles arc 90 deg. Therefore, the 
area gain is n 2 . Larger gain can be obtained for a hyperhemisphere used as an 
aplanatic lens (Fig. 2.8). This results in an apparent increase in the linear detector 
size by a factor of n 2 . In this case, the image plane is shifted. 
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Figure 2.8 Hyperimmersion lens, where 0 and 0' are the ray angles before refraction at the 
lens and at the image, respectively, and sin0' = n sin0. 

The size of the detector and of its image in relation to the front of the hyperim¬ 
mersion lens are 



and 


L = (n + l)r. 


The condition for minimum F# is 

sin0 max = - = (4F 2 — l) -1 / 2 . 
n 


(2.26) 


(2.27) 


(2.28) 


Hence, 


/'nun — 


(n 2 + l) 1 / 2 


(2.29) 


Figure 2.9 shows the dependence of Fniin on the refraction index. 

Several factors must be taken into account for practical realization of optically 
immersed detectors. The practical use of immersion technology has been limited 
due to problems with mechanical matching of the detector and lens materials, and 
to severe transmission and reflection losses. Another limitation was due to the lim¬ 
ited acceptance angle of the devices as a result of the total reflection at the lens-glue 
interface. 

Germanium (n = 4) is the most frequently used material for immersion lenses. 
Arsenic-doped amoiphous selenium or Mylar has been used for the adhesive. 33 
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n 

Figure 2.9 Dependence of the minimum F# of hyperhemispherical immersion lenses on the 
refraction index. 


Silicon is another important immersion lens material. The problem of matching 
the detector material to the immersion lens material has been solved by the use 
of monolithic technology developed at VIGO System S.A. 22 - 34 The technology 
is based on the epitaxy of HgCdZnTe on transparent and high refraction index 
CdZnTe substrates. The HgCdZnTe serves as the sensitive element, while the im¬ 
mersion lens is formed directly in the substrate. This technology also has been used 
for InGaAs and InAsSb devices on GaAs substrates. 22 - 23 - 34 

As Table 2.2 shows, monolithic optical immersion results in the significant im¬ 
provement of a detector’s parameters. The gain factors achieved with hyperhemi¬ 
spherical immersion are substantially higher compared to those for hemispheri¬ 
cal immersion, although the hyperhemispherical immersion may restrict the ac¬ 
ceptance angle of the detector and require more severe manufacturing tolerances. 
These restrictions depend on the refraction coefficient of the lens. For CdZnTe they 
arc not so severe as for germanium lenses, however, and have no practical impor- 


Table 2.2 Influence of optical immersion on properties of photodetectors with a CdZnTe 
lens. The numbers show the relative change of a given value compared to a nonimmersed 
detector of the same optical size. 


Value 


Hemisphere 

Hyperhemisphere 

Type of detector 

Linear size 

n 

c 

*2.7) 

n 2 

(« 

7) 

Any 

Area 

n 2 

c 


n 4 

(« 

50) 

Any 

Voltage responsivity 

n 

(« 

i 2.7) 

n 2 

(~ 

7) 

PC*, PEM 

Voltage responsivity 

n 2 

(« 

*7) 

ft 4 

(« 

50) 

PV**, Dember 

Detectivity 

n 

(* 

i 2.7) 

n 2 

(« 

7) 

Any 

Bias power 

n 2 

(« 

*7) 

n 

(« 

50) 

PC. PV 

Capacitance 

n 2 

c 

*7) 

ft 4 

(« 

50) 

PV 

Acceptance angle (deg) 


180 



42 


Any 

Thickness/radius 


1 



1,3 


Any 

Tolerances 


Not severe 


Stringent 


Any 


*PC is a photoconductive detector. 
**PV is a photovoltaic detector. 




Fundamental Performance Limitations of Infrared Photodetectors 


29 


tance in many cases. For example, the minimum /-number of the main optical 
system is limited to about 1.4 for the CdZnTe immersion lens. 

An alternative approach is the use of a Winston cone. QinetiQ has developed a 
micromachining technique involving dry etching to fabricate the cone concentra¬ 
tors for detector and luminescent devices. 35-37 
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Chapter 3 


Materials Used for Intrinsic 
Photodetectors 


The operation of the intrinsic IR photodetector is based on band-to-band transi¬ 
tions caused by absorption of the photons in a narrow-gap semiconductor. Among 
the many types of IR photodetectors, intrinsic photodetectors offer the best perfor¬ 
mance at high temperatures. 

The wide body of information now available concerning different methods of 
crystal growth and physical properties of materials used for IR photodetectors 
makes it difficult to review all aspects in detail. As a result, only selected topics 
are reviewed in this chapter. More information can be found in many comprehen¬ 
sive reviews and monographs (see, for example, Refs. 1-8). 

The properties of narrow-gap semiconductors that are used as the material sys¬ 
tems for IR detectors result from the direct energy bandgap structure: a high density 
of states in the valence and conduction bands, which results in strong absorption 
of IR radiation and a relatively low rate of thermal generation. Table 3.1 compares 
important parameters of narrow-gap semiconductors used in IR detector fabrica¬ 
tion. 


Table 3.1 Some physical properties of narrow-gap semiconductors. 


Material 

E g 


»/ 


£ 



V-h 



(eV) 


(cm -3 ) 



(10 4 cm 2 /V s) 

(10 4 crrr/V s) 


77 K 

300 K 

77 K 

300 K 


77 K 

300 K 

77 K 

300 K 

InAs 

0.414 

0.359 

6.5 x 10 3 

9.3 x 10 14 

14.5 

8 

3 

0.07 

0.02 

InSb 

0.228 

0.18 

2.6 x 10 9 

1.9 x 10 16 

17.9 

100 

8 

1 

0.08 

I n 0.53 Ga 0.47 As 

0.66 

0.75 


5.4 x 10 11 

14.6 

7 

1.38 


0.05 

PbS 

0.31 

0.42 

3 x 10 7 

1.0 x 10 15 

172 

1.5 

0.05 

1.5 

0.06 

PbSe 

0.17 

0.28 

6 x 10 11 

2.0 x 10 16 

227 

3 

0.10 

3 

0.10 

PbTe 

0.22 

0.31 

1.5 x 10 10 

1.5 x 10 16 

428 

3 

0.17 

2 

0.08 

Pbi_ Y Sn v Te 

0.1 

0.1 

3.0 x 10 13 

2.0 x 10 16 

400 

3 

0.12 

2 

0.08 

H gl _ v Cd A Te 

0.1 

0.1 

3.2 x 10 13 

2.3 x 10 16 

18.0 

20 

1 

0.044 

0.01 

H gl _ v Cd v Te 

0.25 

0.25 

7.2 x 10 8 

2.3 x 10 15 

16.7 

8 

0.6 

0.044 

0.01 



34 


Chapter 3 


3.1 Semiconductors for Intrinsic Photodetectors 

Table 3.2 shows the most important material systems used for intrinsic photodetec¬ 
tors. These systems include fixed bandgap binary alloys, tunable bandgap ternary 
semiconductors, and bandgap engineered superlattice materials. The binary com¬ 
pounds can be used for applications that require optimum performance at the spec¬ 
tral range corresponding to the bandgap of the material. However, the availability 
of binary compounds is very limited, and no compound is known to operate in the 
LWIR spectral range. Therefore, the use of tunable bandgap ternary and quaternary 
materials is necessary for many applications. 

There are no clear indications that some materials among the binary alloys and 
tunable bandgap semiconductors arc better in terms of fundamental figure of merit 
a/ G. It is expected that some artificial narrow gap semiconductors based on type II 
and type III superlattices may exhibit an improved figure of merit due to inherent 
Auger suppression caused by the specific band structure. 1 

Hgi_ x Cd t Tc is undeniably the champion among a large variety of material 
systems. Three key features secure its position: 

• A tailorable energy bandgap over the 1-30- pm range, 

• Large optical coefficients that enable a high quantum efficiency, and 

• Favorable inherent recombination mechanisms that lead to a high operating 
temperature. 

These properties arc a direct consequence of the energy band structure of this zinc- 
blende semiconductor. Moreover, the specific advantages of HgCdTe are its ability 
to obtain both low and high carrier concentrations, the high mobility of its elec¬ 
trons, and its low dielectric constant. 

The extreme flexibility of the HgCdTe material system for IR applications en¬ 
ables the fabrication of an optimized detector of any type, for detection in any 
region of the IR spectrum, including dual and multicolor devices. This flexibility 
is due to the tunability of the bandgap that covers the whole IR spectral range and 
the tunability of n- and p-type doping over a very wide range (10 14 -10 19 cm -3 ). 
But perhaps the decisive advantage of Hgi_ x Cd x Te is the independence of its lat¬ 
tice parameters on composition. Among variable bandgap semiconductor alloys, 


Table 3.2 The most important material systems used for intrinsic photodetectors. 


Material system 

Most important 

Others 

Binary alloys 

InSb, InAs 

PbS, PbSe 

Tunable bandgap semiconductors 

Hg-based 

Lead salts 
InSb-based 

Hgi_ r Cd v Te, fig|_ v Zn v Tc\ Hgi_ Y Mn A Te 
Pbi_ Y Sn v Te, Pb[_ Y Sn v Se 

InAsSb, InNSb, InBiTe, InTlSb 

Type II superlattices 

Type III superlattices 

InAs/GalnSb 

HgTe/CdTe 
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Hgi_ x Cd v Tc is the only material that covers the wide spectral band and has nearly 
the same lattice parameters. The difference between CdTe ( E g = 1.5 eV) and 
Hgo. 8 Cdo. 2 Te (Eg = 0.1 eV) is ~0.2%. Replacing a small fraction of Cd with 
Zn, or Te with Se can completely compensate the residual lattice mismatch. This is 
especially important because recent IR photodetector development has been dom¬ 
inated by complex bandgap heterostructures that are necessary to improve the per¬ 
formance of multicolor devices. 

The growth of bulk crystals and epitaxial layers of Hgi_ x Cd x Te and closely 
related alloys has been extensively reported in numerous original and review pa¬ 
pers. Perhaps the most important sources arc the publications from annual (since 
1981) workshop-style technical meetings devoted exclusively to the physics and 
chemistry of Hg|_ A Cd A Tc and related semiconductor and IR materials. This in¬ 
formation was published initially in Journal of Vacuum Science and Technology 
21(1) (1982), Al(3) (1983), A3(l) (1985), A4(4) (1986), A5(5) (1987), A6(4) 
(1988), A7(2) (1989), B9(3) (1991), and B10(4) (1992); in the American Institute 
of Physics Conference Proceeding no. 235 (1991); and in Journal of Electronic Ma¬ 
terials 22(8) (1993), 24(5) (1995), 24(9) (1995), 25(8) (1996), 26(6) (1997), 27(6) 
(1998), 28(6) (1999), 29(6) (2000), 30(6) (2001), 31(7) (2002), 32(7) (2003), 33(6) 
(2004), 34(6) (2005), and 35(6) (2006). Excellent early review papers on charac¬ 
terization methods were published in Proceedings of the International Workshop 
on Mercury Cadmium Characterization (1992) and Semiconductor Science and 
Technology 8(6S) (1993). Other important sources are Materials Research Society 
Symposia Proceedings 90 (1987), 161 (1990), 216 (1991), 299 (1993), 450 (1996), 
484 (1998), and 607 (2000); IEE Conferences on Advanced Infrared Detectors 
and Systems , Conference Publication nos. 228 (1981), 263 (1986), and 321 (1990) 
(IEE London); Narrow-Gap Semiconductor Conferences (1990, 1991, and 1993); 
and numerous Proceedings of SPIE. Most of the important data on Hg|_ A Cd A Tc 
properties can be found in reviews edited by Capper 2 - 3 and Rogalski. 1,4 

3.2 Hgi_ x Cd x Te Ternary Alloys 

The performance of IR photodetectors is determined by the following fundamen¬ 
tal properties of the semiconductor used: the bandgap, the intrinsic concentration, 
the mobilities of electrons and holes, the absorption coefficient, and the thermal 
generation and recombination rates. Table 3.3 contains a list of important material 
parameters. 

3.2.1 Band structure and electrical properties 

3.2.1.1 Band structure 

At present the band structure of Hgj_ A Cd A Tc is well established. The electrical 
and optical properties of Hgi_ A -Cd A Te are determined by the energy gap structure 
in the vicinity of the T-point of the Brillouin zone, in essentially the same way as 
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Table 3.3 Physical properties of Hgi_ A Cd v Te. Data were taken from Refs. 5-7. 


Property 

T (K) 

x = 0 

x = 0.2 

X = 1 

Lattice constant a (nm) 

300 

0.6463 

0.64645 

0.6482 

Thermal expansion coeff. a (10 -6 /K) 

300 

4 

4.3 

5.5 

Thermal conductivity C (W/cm K) 

300 

0.04 


0.07 

Density y (g/cm 3 ) 

300 

8.076 

7.63 

5.85 

Melting point T m (K) 


943 

940 (sol.) 

1365 




1050 (liq.) 


Bandgap E g (eV) 

300 

-0.15 

0.165 

1.505 

77 

-0.25 

0.09 

1.60 


4.2 

-0.30 

0.064 

1.605 

Effective masses: m*/m 

77 

0.029 

0.005 

0.096 

m*/m 


0.35-0.7 

0.3-0.7 

0.66 

Mobilities (cnr/V s): p c 

77 


2.5 x 10 5 

4 x 10 4 

Wi 



7 x 10 2 

3.8 x 10 4 

Intrinsic carrier concentration (cm -3 ) 

300 


3 x 10 16 



77 


8 x 10 13 


Static dielectric constant £ s 

300 

20.5 

18.5 

10.5 

High-frequency dielectric constant £oo 

300 

15.0 

13.0 

7.2 


InSb. 1 • 5 ’ 7 - 8 The energy gap of this compound ranges from —0.300 eV for semi- 
metallic HgTe, goes through zero at approximately x = 0.15, and opens up to 1.648 
eV for CdTe. 

Figure 3.1 plots the energy bandgap E g {x, T ) for Hgj_ A Cd A Tc versus the alloy 
composition parameter x at temperature 77 K and 300 K. Also plotted is the cutoff 
wavelength A c (x,T), defined as that wavelength at which the response has dropped 
to 50% of its peak value. 

A number of expressions approximating E g (x,T ) are available at present. 1-3 
Here we use the expression given by Seiler et al. 9 that gives the best fit to the 
experimental data: 


E g = -0.302+1.93x-0.81x 2 + 0.832x 3 + 5.32x 10 _4 (1-2x) 


where E g is in eV and T is in K. 


-1822 + T i 

255.2 + T 2 

(3.1) 


3.2.1.2 Intrinsic concentration 

The expressions for intrinsic concentrations have been derived from theoretical 
calculations, taking into account nonparabolicity, using the k • p method. 10 The 
intrinsic concentration as a function of composition and temperature can be ap¬ 
proximated as 

m = (A g + B g x + C g T + DgxT + Fgx 2 + G g T 2 ) x 10 14 £g /4 T 3/2 exp 

(3.2) 
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Lattice constant at 300 K (A) 

6.461 6.465 6.470 6.475 6.481 
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■A 
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Figure 3.1 The bandgap structure of Hgi_ v Cd x Te near the T-point for three different values 
of the forbidden energy gap. The energy bandgap is defined as the difference between the 
r 6 and f 8 band extreme at F = 0. 


where is in cm -3 , A g = 5.24256, B g = —3.5729, C g = —4.74019 x 10 -4 , D g = 
1.25942 x 10 -2 , F g = 5.77046, and G g = 4.24123 x 10 -6 . The electron m* and 
light hole m,*> effective masses in the naiTow-gap Hg compounds arc close and they 
can be established according to the Kane band model. Here we use the following 
expression: 


m 

K 


= 1+2 F + 




E g + A 


(3.3) 


where E p = 19 eV, A = 1 eV, and F — —0.8. 11 The effective mass of heavy hole 
ml, is high; the measured values range between 0.3-0.7 m. 12 The value of mj, = 
0.55 m is frequently used to model IR detectors. 


3.2.1.3 Mobilities 

Due to small effective masses, the electron mobilities in Hgi_ ( Cd A Tc are remark¬ 
ably high while heavy-hole mobilities arc two orders of magnitude lower. A num¬ 
ber of scattering mechanisms influence the electron mobility including ionized im¬ 
purities, alloy disorder, electron-electron and hole-hole events, acoustic phonon 
modes, and polar phonon modes. 13 Nonpolar optical phonon scattering is signifi¬ 
cant in p-type and semimetallic n-type materials. Although calculations of electron 
mobilities are generally in good agreement with the experiment, there is still no 
general theoretical understanding of hole mobilities in Hg|_ x Cd A Tc. 
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The electron mobility in Hg|_ A Cd A Tc (T > 50 K) can be approximated as: 

9 x lO 4 ^ 0 ., 

IV = j2f (in m 2 /V s), 14 (3.4) 

with 5 = 0.2 7 5 /x 7 ' 5 and r = 0.2°- 6 /x°' 6 . For T = 300 K, 

p e = (8.754x - 1.044) -1 (in nr/Vs). 15 (3.5) 

The ratio of electron to hole mobility is 
m, 610 

b — — =-j -pr (Eg in V and T in K). 16 (3.6) 

1 ih (E g T)V 2 g 

For modeling IR photoconductors, the hole mobility is usually calculated as¬ 
suming that the electron-to-hole mobility ratio b is constant and equal to 100. 

3.2.2 Defects and impurities 

Native defect properties and impurity incorporation still constitute a field of in¬ 
tensive research. Various aspects of defects in bulk crystals and epilayers, such as 
electrical activity, segregation, ionization energies, diffusivity, and carrier lifetimes 
have been summarized in excellent reviews. 1 - 17-24 


3.2.2.1 Native defects 

The defect structure of undoped and doped Hgi_ A Cd A Tc can be explained with 
the quasichemical approach. 19 - 25-30 The dominant native defect in Hg|_ x Cd A Tc 
is a double ionizable acceptor associated with metal lattice vacancies. Some direct 
measurements show much larger vacancy concentrations than those that follow 
from Flail measurements, indicating that most vacancies arc neutral. 31 

In contrast to numerous early findings, it seems to now be established that 
the native donor defect concentration is negligible. As-grown undoped and pure 
Hgi_ A Cd A Tc, including that grown in Fig-rich liquid phase epitaxy (LPE), always 
exhibits p-type conductivity with the hole concentration depending on composi¬ 
tion, growth temperature, and Fig pressure during growth reflecting correspondence 
to the concentration of vacancies. 

The equilibrium concentration of vacancies and Hg pressures over Te-saturated 
Hg|_ A Cd A Tc are 



27 


(3.8) 
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The Hg pressure over Hg saturated Hgi_ A Cd A Te is close to saturated Hg pressure: 

-0.99 + 0.25x 


,P//g[atm] = (5.0 x 10 6 + 5.0 x 10 6 x) x exp^- 


kT 


eV . (3.9) 


Figure 3.2 shows the hole concentration as a function of the partial Hg pres¬ 
sure showing 1 /pHg dependence of the native acceptor concentration, which is 
in agreement with the predictions of the quasichemical approach for narrow-gap 
Hgj_ x Cd A Tc. Annealing in Hg vapors reduces the hole concentration by filling 
the vacancies. Low-temperature (<300°C) annealing in Hg vapors reveals the 
background impurity level, causing the p-to-n conversion in some crystals. Sam¬ 
ples with higher residual donor concentration turn n-type at higher temperatures 
and show higher electron concentration. Unexpected effects may arise from Te 
precipitates. 32 Hg diffusing into material dissolves precipitates and drives the ma¬ 
jor impurities ahead of Hg, leaving the core p-type. On further annealing, these 
impurities may redistribute throughout the slice, turning the whole sample p-type. 
A variety of effects may cause unexpected n-type behavior contamination, surface 
layers formed during cool-down, strain, dislocations, twins, grain boundaries, sub¬ 
strate orientation, oxidation, and perhaps other parameters. 

Native defects play a dominant role in the diffusion behavior. 33 Vacancies have 
very high diffusivities even at low temperatures. For example, to form a junction 
a few micrometers deep in 10 16 cm” 3 material requires only about 15 minutes at 
a temperature of 150-200°C. This corresponds to diffusion constants of the order 
of 10“ 10 cm” 2 /s. The presence of dislocations can enhance vacation mobility even 
further, while the presence of Te precipitates may retard the motion of Hg into 
lattice. 



Figure 3.2 The 77 K hole concentration in Hgi_ A Cd A Te calculated according to the quasi¬ 
chemical approach as a function of the partial pressure of Hg. Arrows define the material 
existence region. (Reprinted from Ref. 18 with permission from AIP.) 
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3.2.2.2 Dopants 

The electrical behavior of dopants has been extensively reviewed in two review 
papers. 1,22 Donor behavior is expected for elements from group IIIB on the metal 
lattice site, and group VIIB elements in the Te site. Indium is most frequently 
used as a well-controlled dopant for n-type doping due to its high solubility and 
moderately high diffusion. The experimental data can be explained, assuming that 
at low (< 10 18 cm 3 ) concentration In incorporates as a single ionizable donor 
occupying a metal lattice site. At high In concentration, In incorporates as a neutral 
complex corresponding to In 2 Te 3 - The bulk materials are typically doped by direct 
addition to melts. Indium is frequently introduced during epitaxy and by diffusion; 
it has been used for many years as a contact material for the n-type photoconductors 
and the n-type side of photodiodes. 

Among the group VIIB elements, only I that was occupying Te sites proved to 
be a well behaved donor with concentrations in the 10 15 -10 18 cm -3 range. 21 - 34-36 
The electron concentration was found to increase with Hg pressure. Acceptor be¬ 
havior is expected of elements in the I group (Ag, Cu, and Au) substituting for 
metal lattice sites, and of elements in the V group (P, As, Sb, Bi) substituting for 
Te sites. 

Ag, Cu, and Au are shallow single acceptors. 17 - 22 They are very fast diffusers 
that limit the applications for devices. Significant diffusion of Ag and especially 
Cu occurs at room temperature. 37 Hole concentrations have been obtained roughly 
equal to Cu concentration: up to 10 19 cm -3 . But the behavior of Au is more com¬ 
plex. Au seems to be not very useful as a controllable acceptor, though it has proven 
to be useful for contacts. 

The amphoteric behavior of the VB group elements (P, As, Sb) has been 
established. 21 - 35 They are acceptors substituting for Te sites and donors at metal 
sites; therefore, metal-rich conditions arc necessary to introduce dopants at Te sites. 
Arsenic proved to be the most successful p-type dopant to date for formation of sta¬ 
ble junctions. 38-41 The main advantages are very low diffusity, stability in lattice, 
low activation energy, and the possibility of controlling concentration over a wide 
(10 15 —10 18 cm -3 ) range. Intensive efforts arc currently underway to reduce the 
high temperature (~400°C) and high Hg pressures required to activate arsenic as 
an acceptor. 

3.2.3 Growth of bulk crystals and epilayers 

High-quality semiconductor material is essential to the production of high- 
performance and affordable IR photodetectors. The material must have a low defect 
density, large wafer size, uniformity, and reproducibility of intrinsic and extrinsic 
properties. To achieve these characteristics, Hg|_ x Cd x Te materials evolved from 
high-temperature, melt-grown, bulk crystals to low-temperature, liquid and vapor 
phase epitaxy. However, the cost and availability of large-area and high-quality 
Hgi_ x Cd x Tc arc still the main considerations for producing affordable devices. 
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3.2.3.1 Phase diagrams 

A solid understanding of phase diagrams is essential to properly design the growth 
process. The phase diagrams and their implications for Hgi_ A Cd A Te crystal growth 
have been discussed extensively. 6 - 24 - 42 - 43 The ternary Hg-Cd-Te phase diagrams 
have been established both theoretically and experimentally throughout the Gibbs 
triangle. 44-46 Brice 45 summarized the works of more than 100 researchers on the 
Hg-Cd-Te phase diagram as a numerical description, which is convenient for the 
design of growth processes; for a recent review, see Ref. 22. 

The generalized associated solution model has proven to be successful to ex¬ 
plain experimental data and to predict the phase diagram of the entire Hg-Cd-Te 
system. It was assumed that the liquid phase was a mixture of Hg, Te, Cd, HgTe, 
and CdTe [see Fig. 3.3(b)]. The gas phase over the material contained Hg, Cd 
atoms, and Te 2 molecules. The composition of the solid material can be described 
by a generalized formula (Hgi_ A Cd A )i_ v Te v . The familiar Hgi_ A Cd A Te formula 
corresponds to the pseudobinary CdTe and HgTe alloy (y = 0.5) with complete 
mutual solubilities. At present it is believed that the sphalerite pseudobinary phase 
region in Hgi_ A Cd A Te is extended in Te-rich material with a width of the order 
of 1%. The width narrows at lower temperatures. The consequence of such a form 
of diagram is a tendency for Te precipitation. An excess of Te is due to vacan¬ 
cies in the metal sublattice, which results in p-type conductivity of pure materials. 
Low-temperature annealing at 200-300 K reduces the native defect (predominantly 
acceptor) concentration and reveals an uncontrolled (predominantly donor) impu¬ 
rity background. Weak Hg-Te bonding results in low activation energy for defect 
formation and Hg migration in the matrix. This can cause bulk and surface insta¬ 
bilities. 

Most of the problems with crystal growth are due to the marked difference 
between the solidus and liquidus curves (see Figs. 3.3 and 3.4) resulting in the seg¬ 
regation of binaries during crystallization from melts. The segregation coefficient 




Figure 3.3 Ternary phase diagrams: (a) liquidus and solidus lines in the HgTe-CdTe and 
HgTe-ZnTe pseudobinary systems; (b) the Gibbs diagram of the Hg-Cd-Te system. 
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(a) 



(b) 


Figure 3.4 Liquidus isotherms for (a) Hg-rich, and (b) Te-rich growth. (Reprinted from 
Ref. 44 with permission from Elsevier.) 


for growth from melts depends on Hg pressure. Serious problems also arise from 
high Hg pressures over pseudobinary and Hg-rich melts. Figure 3.4 shows the low- 
temperature liquidus and solid-solution isoconcentration lines in the Hg-rich and 
Te-rich corners. Figure 3.4(a) shows that, e.g., at 450°C, a solid solution contain¬ 
ing 0.90 mole fraction CdTe is in equilibrium with a liquid containing 7 x 10” 4 
atomic fraction Cd and 0.014 atomic fraction Te. One sees that almost pure CdTe(s) 
crystallizes from very Hg-rich liquids. 

3.2.3.2 Bulk crystals 

Bulk crystals were used to fabricate IR detectors for first-generation imaging and 
seeking systems, mostly for n-type single-element photoconductors, linear arrays, 
SPRITE detectors, and photodiodes. Good uniformity, excellent electrical purity 
(less than 10 14 cm” 3 ), high mobilities, and minority carrier lifetimes arc standard 
features for commercially available materials. The cost of the device-quality mate¬ 
rial is still high, ranging between $300-1000 for a 1.5-cm-diameter wafer, depend¬ 
ing on composition, doping, and extent of characterization. 

Several bulk crystal growth techniques have been used for high-volume pro¬ 
duction of the material. As the phase diagrams show, a strong segregation occurs 
during crystallization from melts unless the freezing proceeds very quickly. Thus, 
the conventional melt growth techniques, such as the standard Bridgman method, 
produce crystals with large longitudinal and axial variations of composition. These 
crystals also arc not very useful to fabricate device-quality materials. Instead, an 
improved Bridgman-Stockbarger growth process has been favored at Mullard. 47 

The quench-anneal method (also called the modified Bridgman method and 
solid state recrystallization) has been arguably the best-known production-type 
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growth method of uniform and high-quality crystals. 6 ’ 48 In this method the charge 
of a required composition is synthesized, melted, and quenched. Then the fine den¬ 
dritic mass obtained in such process is annealed below the liquidus temperature for 
a few weeks to recrystallize and homogenize the crystals. Various improvements of 
the process have been proposed including temperature gradient annealing and slow 
cooling to prevent Te precipitation. The material usually requires low-temperature 
annealing to adjust the concentration of native defects. The crystals also can be 
uniformly doped by introducing dopants to the charge. 

The quench-anneal method has some drawbacks. Since no segregation occurs, 
all impurities present in the charge are frozen in the crystal, and high-purity stalling 
elements are required. The maximum diameter of the ingots is limited to approxi¬ 
mately 1.5 cm because the cooling rate of the large-diameter charges is too slow to 
suppress the segregation. The crystals also contain low grain boundaries. 

The relatively homogeneous and highly perfect crystals can be grown in sys¬ 
tems in which depletion of the liquid in the wide-bandgap binary material during 
growth is compensated by continuous replenishment from solid “slush” particles 
suspended in the upper part of the growth melt. 6 

Large and homogeneous crystals with diameters up to ~5 cm can be grown 
using zone melting. The growth temperature can be substantially reduced when 
growing crystals from Te-rich melts. One successful implementation is the trav¬ 
eling heater method. 49 The perfect quality of crystals grown by this method is 
accompanied by a low growth rate. 

The bulk Hgi_ v Cd v Te crystals are initially used for any types of IR photode¬ 
tectors. At present these crystals are still used for some IR applications, including 
n-type single-element photoconductors, SPRITE detectors, and arrays. 

3.2.3.3 Epitaxy 

The present generation of Hgi_ x Cd A Tc is based on epitaxial layers. Compared to 
bulk growth techniques, epitaxial techniques offer the possibility to grow large-area 

100 cm 2 ) epilayers and sophisticated layered structures with abrupt and complex 
composition and doping profiles that can be configured to improve the performance 
of photodetectors. The growth is performed at low temperatures, which makes it 
possible to reduce the native defects density. Due to the low Hg pressures, there is 
no need for thick-walled ampoules and the growth can be carried out in reusable 
production-type growth systems. The as-grown epilayers can be low-temperature 
annealed in situ. Epilayers can be used for device fabrications without troublesome 
and time-consuming thinning. 

All epitaxial techniques have a common problem: a need for low-cost and 
large-area substrates that are structurally, chemically, optically, and mechanically 
matched to the Hg-based semiconductors. 50 No one substrate that satisfies all re¬ 
quirements simultaneously has been found to date. 

CdTe and closely lattice-matched ternaries (Cd-Zn-Te, Cd-Te-Se, and Cd-Mn- 
Te) are the most frequently used substrates that make it possible for epitaxial layers 
to match the quality standards set by bulk crystals. The substrates are typically 
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grown by the modified vertical and horizontal unseeded Bridgman technique. Most 
commonly, the (111) and (100) orientations have been used although others, such 
as (110) and (123), have been tried. The twinning that occurs in the (111) layers can 
be prevented by a suitable disorientation of the substrate. The limited size, purity 
problems, Te precipitates, dislocation density, nonuniformity of lattice match, and 
high price ($60-500 per 1 cm 2 for polished) are remaining problems to be solved. 
It is believed that these substrates will continue to be important for a long time, 
particularly for the highest performance devices. 

A viable approach to cheap substrates is the use of hybrid substrates, which 
consist of laminated structures with wafers of bulk crystal, and arc covered with 
buffer lattice-matched layers. Bulk Si, GaAs, and sapphire arc some of the high- 
quality, low cost, and readily available crystals that have been shown to be useful 
substrates for Hgi_ A Cd v Te. The buffer layers are a few micrometers thick of CdTe 
or (Cd.Zn)Te, obtained in situ or ex situ with a non-equilibrium growth, typically 
from the vapor phase. The feasibility of growing high-quality Hgi_ f Cd A Tc on hy¬ 
brid substrates was demonstrated first by Rockwell International. This technology 
is referred to as Producible Alternative to CdTe for Epitaxy (PACE). 51 - 52 The sub¬ 
strates arc CdTe/sapphire (PACE 1), CdTe/GaAs (PACE 2) and Si/GaAs/CdZnTe 
(PACE 3). The use of Si substrates is the most promising for future low-cost de¬ 
vices, which can be readily integrated with Si signal processing electronics. 53-55 
Lattice and thermal mismatch, spurious growth, and impurity doping from the sub¬ 
strates are the most serious problems that would require considerable development 
to meet the stringent requirements of high-performance devices. Large focal planes 
based on Hgi_ t Cd x Te grown onto (Cd,Zn)Te, sapphire, GaAs, and Si with various 
epitaxial techniques already have been reported in numerous papers. 1 ' 4 ’ 56 

Among the epitaxial techniques, the LPE is the most mature method, enabling 
growth of the device-quality homogeneous layers and multilayered structures. 57 
LPE growth can be gained with pseudobinary HgTe-, Te-, and Hg-rich solutions. 
The first approach has no practical importance at present, mainly because it re¬ 
quires a high temperature (~700°C) and high Hg pressure (>10 atm). Both Te- 
solution growth (420-500°C) and Hg-solution growth (360-500°C) have been 
used with equal success in a variety of configurations. 

Te-solution growth offers lower Hg pressure (~0.1 atm) and is most frequently 
used to grow the whole device structures or the base layers only. Perfect undoped 
and intentionally doped LPE layers were grown on CdTe, (Cd,Zn)Te, Cd(Te,Se), 
and hybrid substrates. 43,58-61 

Remaining problems with LPE are the shaipness of the interface region, rel¬ 
atively high density of misfit and threading dislocations, complete Te-rich melt 
weeping off the grown layers, precipitation of Te upon cooling, low distribution of 
coefficients for important acceptors As and Sb, frequent occurrences of a terraced 
surface morphology, and the process of scaling-up to meet industrial needs. 

Applications of Hg-rich solution do not present the problem of solution weep¬ 
ing during growth. Another important advantage of using Hg-rich solutions is that 
they provide well-behaved impurities that can be incorporated with ease. Unlike 
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the growth from Te-rich solutions, the composition of the growing layers from Hg- 
rich solutions can be drastically changed. Because CdTe in Hg-rich solutions has a 
low solubility, Cd’s depletion of melt is present in Hg-rich solutions. This has been 
overcome by the use of “infinite-melt” growth developed at the Santa Barbara Re¬ 
search Center (SBRC). 62 The term “infinite melt” refers to the use of a very large 
(>5 kg) melt that is maintained at a constant temperature and composition for the 
life of the melt. This technique has been used to grow epilayers on CdZnTe and 
alternative substrates for large FPAs. 63 

LPE growth from Hg-rich sources is frequently used to grow a ~1 pm P + 
wide gap cap epilayer on top of the more thick epilayer prepared by Te-rich source 
LPE or other methods. 38 - 64 Due to a low growth temperature (360-375°C), P + -n 
junctions arc abrupt (<0.1 pm) while heterojunctions are centered at the electrical 
junction and graded over 0.6-1.3 pm. Because of the depletion of CdTe in the 
solution, the reduction of the x value toward the layer’s surface does not produce 
problems. Instead, the surface cap layer plays the role of the contact region. 

Various vapor phase epitaxy (VPE) methods have been used to grow 
Hgi_ x Cd x Te layers. One of the oldest is the isothermal vapor phase epitaxy 
(ISOVPE), which was initially invented in France. 65 ISOVPE is a relatively simple, 
quasiequilibrium growth technique in which HgTe is transported at a relatively high 
temperature (400-600°C) from the source (HgTe or Hg]_ x Cd t Te) to the substrate 
by evaporation-condensation mechanisms. An inherent property of the method is 
in-depth grading because interdiffusion of deposited and substrate materials is in¬ 
volved in layer formation. Homogeneous epilayers can be grown on composite 
substrates. 66 A reusable growth system has been used for production purposes. 67 
The ISOVPE layers can be doped during growth with Au, As, or In. 68 

Negative ISOVPE epitaxy can be used to increase the bandgap at the sur¬ 
face for heterojunction passivation or contacts. 69 - 70 With suitable modifications, 
P-p-n + and N-n-P + diode structures can be grown. 68 

Current efforts with VPE arc mostly on two nonequilibrium growth methods: 
metalorganic chemical vapor deposition (MOCVD) and molecular beam epitaxy 
(MBE). These methods allow for growth at lower temperatures and the capacity 
for dynamic modification of the growth conditions, which makes it possible to ob¬ 
tain heterostructures with almost any bandgap and doping profiles. The reduced 
deposition temperature results in a substantially larger number of possible sub¬ 
strates than those of LPE and ISOVPE. MOCVD is also the growth method that is 
most frequently used to fabricate the hybrid substrates for Hgi_ x Cd_ v Te. 

MOCVD appeal's to be very promising for large-scale and low-cost production 
of epilayers. 71-81 Two alternative processes are used: direct alloy growth (DAG) 
and interdiffused multilayer process (IMP). In IMP growth, the successive layers 
of CdTe and HgTe have the combined thickness of two consecutive layers that arc 
approximately 0.1 qm. These layers are deposited and interdiffused during growth 
or during a short annealing in situ at the end of the growth. The activation of As, 
Sb, and In dopants is easier to achieve with IMP when introduced during the CdTe 
growth cycle and with a Cd/Te flux ratio above l. 71, 80 Near 100% activation of As 
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was reported for 365°C IMP growth with stoichiometry annealing only . 80 Approx¬ 
imately 50% As activation is achieved at high doping levels for layers subjected to 
stoichiometric annealing at 250°C, and 100% activation with annealing at 415°C 
followed by the 250°C anneal . 35 ' 36,74,76,82 Indium could be used as a standard 
donor dopant to achieve background doping of the whole MOCVD-grown het¬ 
erostructure. Iodine is a more stable dopant that can be used to control local doping 
within a 3 x 10 14 to 2 x 10 18 cm 3 range with 100 % activation when following a 
standard stoichiometric anneal . 35,76 

Recent reports show that the proper selection of the IMP stages yields the ca¬ 
pability to possibly achieve dynamic metal-rich conditions during growth . 36 This 
enables annihilation of metal vacancies and activation of I and As dopants without 
any post-growth anneals. Significant orientation dependence of As and I doping 
was observed for (11 IB), (21 IB), and (100 ). 35,36,74,76,81,82 

Intensive studies are currently under way on MBE . 53,54,61,83-90 This tech¬ 
nique offers unique capabilities in material and device engineering, including 
the lowest growth temperature, superlattice growth, and potential for the most 
complicated composition and doping profiles. While the computerized control 
of MBE systems is easy, the main drawback of MBE is a high cost of equip¬ 
ment and maintenance. But the quality of the MBE layers is steadily improv¬ 
ing. High-quality epilayers have been grown on CdZnTe, GaAs, and Si. In¬ 
dium is preferable as an n-type dopant. Significant efforts are being spent on 
As and Sb-doping to improve incorporation during the MBE process and to re¬ 
duce the temperature required for activation. The metal-saturation conditions can¬ 
not be reached at the temperatures required for high-quality MBE growth. The 
necessity to activate acceptor dopants at high temperatures eliminates the ben¬ 
efits of low-temperature growth. Recently, near 100% activation was achieved 
for a 2 x 10 18 cm -3 As concentration with a 300°C activation anneal fol¬ 
lowed by a 250°C stoichiometric anneal . 88 - 91 Efficient p-type doping is be¬ 
ing achieved through the combined use of CTI 3 AS 2 and Te from cracker ef¬ 
fusion cells . 92 In situ p-type layers are obtained by flux manipulation. How¬ 
ever, these layers have only partial As activation . 93 Reduced growth temperatures 
(175°C), Cd 3 As 2 effusion cells, the interdiffused superlattice process of doping 
during the CdTe deposition cycle, photo-assisted MBE, As planar doping, and 
the use of Te 2 and AS 4 crackers are some of the ways to improve As incorpora¬ 
tion. 

The MBE-grown layers have been used to fabricate high-quality IR devices. 
But several problems still exist, including twin formations, the requirement of very 
good surface preparation prior to growth, uncontrolled doping ( 10 15 cm -3 ), dislo¬ 
cation density, and composition inhomogenities. 

While recent remarkable achievements have improved IR devices, the further 
development of MBE is necessary to fully apply this technology to IR sensors. 
One attractive new growth technique combines MOCVD and MBE: metalorganic 
molecular beam epitaxy. 94 - 95 With this new development, significant activation has 
been achieved without any annealing. 
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3.3 Hg-based Alternatives to HgCdTe 

At present HgCdTe is the most important intrinsic semiconductor alloy system for 
IR detectors. However. HgCdTe is one of the most difficult materials to use for IR 
detectors. Currently, HgCdTe FPAs arc limited by the yield of arrays, which in¬ 
creases their cost. In spite of achievements in material and device quality, difficul¬ 
ties still exist due to lattice, surface, and interface instabilities. This realization— 
when combined with continued progress in the growth of new ternary alloy sys¬ 
tems and artificial semiconductor heterostructures—has intensified the search for 
alternative IR materials. 

Among the small-gap II-VI semiconductors for IR detectors, only Cd, Zn, Mn, 
and Mg have been shown to open the bandgap of the Hg-based binary semimetals 
HgTe and HgSe to match the IR wavelength range. It appears that the amount of Mg 
to introduce in HgTe to match the 10-pm range is insufficient to reinforce the Hg¬ 
Te bond. 96 The main obstacles to the technological development of Hgj_ A Cd A Sc 
are the difficulties in obtaining type conversion. From the above alloy systems, 
Hg|_ x Zn x Te (HgZnTe) and Hgi_ A Mn A Te (HgMnTe) occupy a privileged posi¬ 
tion. 

Neither HgZnTe nor HgMnTe have ever been systematically explored in the 
device context. There arc several reasons for this. First, preliminary investiga¬ 
tions of these alloy systems came on the scene after HgCdTe detector develop¬ 
ment was well on its way. Second, the HgZnTe alloy presents a more serious tech¬ 
nological challenge than HgCdTe. In the case of HgMnTe, Mn is not a group II 
element, and as a result HgMnTe is not truly a II-VI alloy. This ternary com¬ 
pound was viewed with some suspicion by those not directly familial - with its 
crystallographic, electrical, and optical behavior. In such a situation, proponents of 
the parallel development of HgZnTe and HgMnTe for IR detector fabrication en¬ 
countered considerable difficulty in selling the idea to industry and funding agen¬ 
cies. 

In 1985, Sher et al. showed from theoretical consideration that the weak HgTe 
bond is destabilized by alloying it with CdTe, but stabilized by ZnTe. 97 Many 
groups worldwide have become very interested in this prediction, and more specif¬ 
ically, in the growth and properties of the HgZnTe alloy system as the material 
for photodetection application in the IR spectral region. But the question of lat¬ 
tice stability in the case of HgMnTe compound is rather ambiguous. According to 
Wall et al., the Hg-Te bond stability of this alloy is similar to that observed in the 
binary narrow-gap parent compound. 98 This conclusion contradicts more recently 
published results. 99 It has been established that the incorporation of Mn in CdTe 
destabilizes its lattice because of the Mn 3d orbitals hybridizing into the tetrahe¬ 
dral bonds. 100 This section reviewed only selected topics on the growth process 
and physical properties of HgZnTe and HgMnTe ternary alloys. More information 
can be found in two comprehensive reviews—Refs. 101 and 102—and the books 
cited in Refs. 1 and 103. 
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3.3.1 Crystal growth 

The pseudobinary diagram for HgZnTe is responsible for serious problems encoun¬ 
tered in crystal growth, including: 

• The separation between the liquidus and solidus curves are large and lead to 
high segregation coefficients; 

• The solidus lines that are flat result in a weak variation of the growth tem¬ 
perature that causes a large composition variation; and 

• The very high Hg pressure over melts makes the growth of homogeneous 
bulk crystals quite unfavorable. 

For comparison. Fig 3.3(a) shows HgTe-ZnTe and HgTe-CdTe pseudobinary phase 
diagrams. 

FlgTe and MnTe are not completely miscible over the entire range, but the 
Hgi_ x Mn x Te single-phase region is limited to approximately x < 0.35. 104 As 
discussed by Becla et al., the solidus-liquidus separation in the pseudo-binary 
FlgTe-MnTe system is more than two times narrower than in the corresponding 
FlgTe-CdTe system. 105 This conclusion has been confirmed by Bodnaruk et al. 106 
Consequently, to meet the same demand for cut-off wavelength homogeneity, the 
FlgMnTe crystals must be much more uniform than similarly grown FlgCdTe crys¬ 
tals. 

For the growth of bulk HgZnTe and HgMnTe single crystals, three methods 
arc currently the most popular - : Bridgman-Stockbarger, solid state recrystalliza¬ 
tion, and the travelling heater method (THM). The best quality HgZnTe crystals 
have been produced by THM. Using this method, Triboulet et al. 107 produced 
Hgi_ x Zn A Tc crystals (x ~ 0.15) with a longitudinal homogeneity of ±0.01 mol 
and radial homogeneity of ±0.01 mol. The source material was a cylinder com¬ 
posed of two cylindrical segments—one HgTe, the other ZnTe—the cross section 
of which was in the ratio corresponding to the desired composition. 

To improve the crystalline quality of HgMnTe single crystals, different mod¬ 
ified techniques have been used. Gille et al. 108 demonstrated Hgi_ A -Mn A Tc (x ~ 
0.10) single crystals grown by THM with standard deviation Ax = ±0.003 along 
a 16-mm-diameter slice of crystals. Becla et al. 105 decreased the radial macro¬ 
segregation and eliminated small-scale compositional undulations in the vertical 
Bridgman-grown material by applying a 30-kG magnetic field. Takeyama and 
Narira 109 developed an advanced crystal growth method called the modified two- 
phase mixture method to produce highly homogeneous, large single crystals of 
ternary and quaternary alloys. 

The best performance of modern devices, however, requires more sophisticated 
structures. These structures are only achieved by using epitaxial growth techniques. 
Additionally, when compared to bulk growth techniques, epitaxial techniques of¬ 
fer important advantages, including lower temperatures and Hg vapor pressures, 
shorter growth times, and reduced precipitation problems that enable the growth 
of large-area samples with good lateral homogeneity. The above advantages have 
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prompted research in a variety of thin-film growth techniques, such as VPE, LPE, 
MBE, and MOCVD. The first studies of LPE crystal growth of HgCdZnTe and 
HgCdMnTe from Hg-rich solutions have demonstrated that the homogeneity of 
epilayers can be improved by incorporating Zn or Mn during the crystal growth. 110 
More recently, considerable progress has been achieved in HgMnTe film fabri¬ 
cation by MOCVD using an inderdiffused multilayer process. 111 Depending on 
growth conditions, both n- and p-type layers may be produced with extrinsic elec¬ 
tron and hole concentrations of the order of 10 15 cm -3 and 10 14 cm -3 , respec¬ 
tively. 

All of the epitaxial growth processes depend on the identification of suit¬ 
able substrates. They require large-area, single-crystal substrates. The large dif¬ 
ference in lattice parameters of HgTe and ZnTe induces strong interactions be¬ 
tween cations. Vegard’s law appears to be obeyed relatively better in HgZnTe 
than in HgCdTe, and for Hgj _ A Zn A Te at 300 K a(x) = 6.461 — 0.361v (A ). 103 In 
comparison with HgCdTe, the lattice parameter of Hg|_ v Mn A Tc a(x) = 6.461 — 
0.121 x (A) varies with x much more rapidly, which is a disadvantage from the 
point of view of the epitaxial growth of multilayer heterostructures that is re¬ 
quired for advanced IR devices. The lattice parameter of the zinc-blende compound 
Cd] _ A Zn A Tc (Cd|_ A Mn A Tc) indicates a simple matter: to find suitable substrates 
for epitaxial growth of Hgi_ v Zn v Te (Hgi_ x Mn A -Te). However, Bridgman-grown 
CdMnTe crystals are highly twinned and thus unusable as epitaxial substrates. 

3.3.2 Physical properties 

The physical properties of both ternary alloys are determined by the energy gap 
structure near the T-point of the Brillouin zone. The shape of the electron band and 
the light mass hole band is determined by the kp theory. The bandgap structure of 
HgZnTe near the T -point is similar to that of the HgCdTe ternary illustrated in 
Fig. 3.1. The bandgap energy of HgZnTe varies approximately 1.4 times (2 times 
for HgMnTe) as fast with the composition parameter x as it does for HgCdTe. 

Both HgZnTe and HgMnTe exhibit compositional-dependent optical and trans¬ 
port properties similar to HgCdTe materials with the same energy gap. Some phys¬ 
ical properties of alternative alloys indicate a structural advantage in comparison 
with HgCdTe. Introducing ZnTe in HgTe decreases statistically the ionicity of the 
bond, improving the stability of the alloy. Moreover, because the bond length of 
ZnTe (2.406 A) is 14% shorter than that of HgTe (2.797 A) or CdTe (2.804 A), 
the dislocation energy per unit length and the hardness of the HgZnTe alloy are 
higher than that of HgCdTe. The maximum degree of microhardness for HgZnTe 
is more than twice that for HgCdTe. 112 HgZnTe is a material that is more resistant 
to dislocation formation and plastic deformation than HgCdTe. 

The as-grown Hgi_ A Zn v Te material is highly p-type in the 10 17 cm -3 range 
with mobilities in the hundreds of cm 2 /V s. These values indicate that its conduc¬ 
tion is dominated by holes arising from Hg vacancies. After a low-temperature 
anneal (T < 300°C) accomplished with an excess of Hg (which annihilates the 
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Hg vacancies), the material is converted to low n-type in the mid 10 14 cm 1 to 
low 10 15 cm” 3 range, which has mobilities ranging from 10 4 to 4 x 10 5 cm 2 /V s. 
A study by Rolland et al. 113 showed that the n-type conversion occurs only for crys¬ 
tals with composition x < 0.15. The Hg diffusion rate is slower in HgZnTe than in 
HgCdTe. Interdiffusion studies between HgTe and ZnTe indicate that the interdif¬ 
fusion coefficient is approximately 10 times lower in HgZnTe than in HgCdTe. 107 

Berding et al. 114 and Granger et al. 115 gave the theoretical description of the 
scattering mechanisms in HgZnTe. To obtain a good lit to experimental data for 
Hgo.seeZno.mTc, they considered phonon dispersion plus ionized impurity scat¬ 
tering plus core dispersion without compensation in their mobility calculations. 
Theoretical calculations of electron mobilities 107 indicate that the disorder scatter¬ 
ing is negligible for HgZnTe alloy. In contrast, the hole mobilities are likely to be 
limited by alloy scattering, and the predicted alloy hole mobility of HgZnTe is ap¬ 
proximately a factor of 2 less than what was found for HgCdTe. Additionally, Ab- 
delhakiem et al. 116 confirmed that the electron mobilities arc very close to HgCdTe 
ones for the same energy gap and the same donor and acceptor concentrations. 

The HgMnTe alloy is a semimagnetic narrow-gap semiconductor. The ex¬ 
change interaction between band electi ons and Mn 2+ electrons modifies their band 
structure, making it dependent on the magnetic field at very low temperature. In 
the range of temperatures typical for IR detector operation (>77 K), the spin- 
independent properties of HgMnTe are practically identical to the properties of 
HgCdTe, which are discussed exhaustively in the literature. The studies earned out 
by Kremer et al. 117 confirmed that the annealing of samples in Hg vapor eliminates 
the Hg vacancies, with the resulting material being n-type due to some unknown 
native donor. The diffusion rate of Hg into HgMnTe is the same as into HgCdTe. 
Measurements of the transport properties of Hgi_ A Mn v -Te (0.095 < x < 0.15) in¬ 
dicate deep donor and acceptor levels into the energy gap, which influence not 
only the temperature dependencies of the Hall coefficient, conductivity, and Hall 
mobility, but also the minority carrier lifetimes. 118,119 Theoretical considerations 
of the electron mobilities in HgCdTe and HgMnTe indicate that at room temper¬ 
ature the mobilities are nearly the same. But at 77 K, the electron mobilities arc 
approximately 30% less for HgMnTe when compared with the same concentration 
of defects. 120 

The measured carrier lifetime in both ternary alloy systems is a sensitive char¬ 
acteristic of semiconductors that depends on material composition, temperature, 
doping, and defects. The Auger mechanism governs the high-temperature lifetime, 
and the Shockley-Read mechanism is mainly responsible for low-temperature life¬ 
times. The reported positions of SR centers for both n- and p-type materials range 
anywhere from near the valence to near the conduction band. Comprehensive re¬ 
views of generation-recombination mechanisms and the carrier lifetime experi¬ 
mental data for both ternary alloys are given by Rogalski et al. 1,103 

Tables 3.4 and 3.5 contain lists of standard approximate relationships for ma¬ 
terial properties of HgZnTe and HgMnTe, respectively. Most of these relationships 
have been taken from Refs. 101 and 102. Some of these parameters, e.g., the intrin¬ 
sic carrier concentration, have since been re-examined. For example, Sha et al. 121 
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Table 3.4 Standard relationships for Hgi_ v Zn v Te (0.10 < x < 0.40). Data were obtained 
from Ref. 101. 


Parameter 

Relationship 

Lattice constant a(.x) (nni) at 300 K 

0.6461 - 0.0361.x 

Density y (g/cm 3 ) at 300 K 

8.05 - 2.41.x 

Energy gap E g (eV) 

- 0.3 + 0.0324.x 1 / 2 + 2.731.x - 0.629.x 2 + 0.533x 3 
+ 5.3 x 10 -4 T(1 - 0.76.x 1 / 2 - 1.29.x) 

Intrinsic carrier concentration iij (cm -3 ) 

(3.607+ 11.370.x+ 6.584 x 10 -3 T-3.633 x 10 -2 xT) 
x 10 14 E| /4 r 3 / 2 exp(-5802£'g/r) 

Momentum matrix element P (eV cm) 

8.5 x 10 -8 

Spin-orbit splitting energy A (eV) 

1.0 

Effective masses: m*/m 
m^/m 

5.7 x W~ lb E g /P 2 E g in eV; P in eVcm 

0.6 

Mobilities: \i e (cm 2 /V s) 
p/, (cm 2 /V s) 

9 x 10 S b/T 2a a = (0.14/x) 0 6 ; b = (0.14/x) 7 ' 5 

Pe(x, r)/ioo 

Static dielectric constant s s 

20.206 - 15.153x + 6.5909.x 2 - 0.951826x 3 

High-frequency dielectric constant Sqo 

13.2+ 19.1916.x + 19.496.x 2 - 6.458x 3 

Table 3.5 Standard relationships for Hgi_ A Mn A Te (0.08 < x < 030). Data were obtained 
from Ref. 102. 

Parameter 

Relationship 

Lattice constant a(x ) (nm) at 300 K 

0.6461 - 0.0121.x 

Density y (g/ern 3 ) at 300 K 

8.12-3.37.x 

Energy gap E g (eV) 

-0.253 + 3.446.x + 4.9 x 10 -4 .xJ - 2.55 x 10 ~ 2 T 

Intrinsic carrier concentration n, (cm -3 ) 

(4.615 - 1.59.x + 2.64 x 10 -3 T - 1.70 x 10 -2 xT 
+ 34.15.x 2 ) x 10 14 £g /4 r 3 / 2 exp(—5802£’g/T) 

Momentum matrix element P (eVcm) 

(8.35 - 7.94.x) x 10 -8 

Spin-orbit splitting energy A (eV) 

1.08 

Effective masses: m*/m 
m*/m 

(8.35 — 7.94.x) x 10 -8 £g in eV; P in eV cm 

0.5 

Mobilities: p e (cm 2 /V s) 
p/, (cm 2 /V s) 

9 x I0 s b/T 2a a = (0.095/x) 0 - 6 ; b = (0.095/x) 7 5 

p e (x, r)/ioo 

Static dielectric constant z s 

20.5 -32.6.x+ 25.lx 2 

High-frequency dielectric constant s 0 o 

15.2-28.x + 28.2.x 2 


concluded that their improved calculations of intrinsic carrier concentration were 
approximately 10-30% higher than those obtained earlier by Jozwikowski and 
Rogalski. 122 However, the new calculations also should be treated as approxi- 
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mations since the dependence of the energy gap on composition and temperature 
[E g (x, T) is necessary in the calculations of «,] is still under serious discussion. 123 

3.4 lnAs/Gai_ x ln*Sb Type II Superlattices 

An InAs/Ga]In A Sb (InAs/GalnSb) type II strained layer superlattice (SLS) can 
be considered as an alternative to a HgCdTe material system. It is characterized 
by strong absorption (high quantum efficiency) and low thermal generation rate. 
Consequently, SLS structures provide high responsivity, which already has been 
reached with HgCdTe material. A further advantage of type-II SLS has been well 
established in III-V process technology. 

The InAs/GalnSb material system is, however, in a very early stage of devel¬ 
opment. Problems exist in material growth, processing, substrate preparation, and 
device passivation. 124 Optimization of SL growth is a trade-off between the in¬ 
terfaces’ roughness (which results in smoother interfaces at higher temperatures) 
and residual background carrier concentrations (which arc minimized on the low 
end of this range). The thin nature of InAs and GalnSb layers (<8 nm) necessi¬ 
tates low growth rates to control each layer’s thickness to within one (or one-half) 
monolayer (ML). Monolayer fluctuations of the InAs layer thickness can shift the 
cut-off wavelength by approximately ±2 pm for a 20-pm designed cut-off. Typical 
growth rates arc less than 1 MLs for each layer. 

The type II SL has a staggered band alignment, resulting in a conduction band 
of the InAs layer that is lower than the valence band of the InGaSb layer, as shown 
in Fig. 3.5. This creates a situation in which the energy bandgap of the SL can be 
adjusted to form either a semimetal (for wide InAs and GalnSb layers) or a narrow 
bandgap (for narrow layers) semiconductor material. The type II band alignment 
and internal strain lowers the conduction band minimum of InAs and raises the 
heavy-hole band in Ga|_ x In A Sb by the deformation potential effect. This reduced 
bandgap is advantageous because longer cut-off wavelengths can be obtained with 




(a) (b) 

Figure 3.5 InAs/GalnSb strained layer superlattice: (a) band edge diagram illustrating 
the confined electron and hole minibands that form the energy bandgap; (b) change in 
cut-off wavelength with change in one SL parameter, the InAs layer width. (Reprinted from 
Ref. 125.) 
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a reduced layer thickness in the strained SL, leading to an optical absorption coeffi¬ 
cient comparable to that of HgCdTe. The hole wave function has less overlap with 
neighboring confined hole states than the electron wave function has with neigh¬ 
boring electron states. In the SL, the electrons are mainly located in the InAs layers, 
whereas holes are confined to the GalnSb layers. Optical transitions occur spatially 
indirectly; as a result, the optical matrix element for such transitions is relatively 
small. The bandgap of the SL is determined by the energy difference between the 
electron miniband E\ and the first heavy-hole state HHj at the Brillouin zone cen¬ 
ter. It can be varied continuously in a range from 0 to approximately 250 meV. An 
example of the wide tunability of the SL is shown in Fig. 3.5(b). The dispersion 
of the heavy-hole states exhibits a strong anisotropy while the other subbands are 
nearly isotropic. 124 

In addition to the capability of adjusting the bandgap energy, InAs/GalnSb 
SL material provides the added capability of energy band structure engineering. 
It appears that the same bandgap energy can be designed using different combi¬ 
nations of layer thickness and composition. By examining the band structure of 
these equivalent designs, the optimum design can be selected to enhance important 
parameters such as IR absoiption coefficient, electron effective mass, and charge 
carrier lifetime. For example, the SL energy bands can be structured so that there 
is a larger energy separation between the heavy- and light-hole bands than the SL 
bandgap energy. This suppresses Auger recombination mechanisms and thereby 
enhances carrier lifetime. 

It has been suggested that InAs/Gai _ A In v Sb SLSs material systems can have 
some advantages over bulk HgCdTe, including lower leakage currents and greater 
uniformity. 126 - 127 According to Smith and Mailhiot (Ref. 126), the electronic 
properties of SLSs may be superior to those of the HgCdTe alloy. The effective 
masses arc not directly dependent on the bandgap energy, as is the case for a 
bulk semiconductor. 128 The electron effective mass of InAs/GalnSb SLS is larger 
(m /m 0 ~ 0.02-0.03, compared to m /m Q = 0.009 in HgCdTe alloy with the same 
bandgap ~ 0.1 eV). 129 Thus, diode tunneling currents in the SL can be reduced 
in comparison with the HgCdTe alloy. Although in-plane mobilities drop precipi¬ 
tously for thin wells, electron mobilities approaching 10 4 cm 2 /V s have been ob¬ 
served in InAs/GalnSb SLs with the layers less than 40 A thick. While mobilities 
in these SLs arc found to be limited by the same interface roughness scattering 
mechanism, detailed band structure calculations reveal a much weaker dependence 
on layer thickness, in reasonable agreement with experimental results. 130 

A consequence of the type II band alignment of an InAs/GalnSb material sys¬ 
tem is the spatial separation of electrons and holes. This is particularly disadvanta¬ 
geous for optical absoiption where a significant overlap of electron and hole wave 
function is needed. However, a reduction in the electronic confinement can be 
achieved by growing thinner GalnSb barriers or by introducing more In into the 
GalnSb layers, which leads to an optical absorption coefficient comparable to that 
of HgCdTe. 
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Theoretical analysis of band-to-band Auger and radiative recombination life¬ 
times for InAs/GalnSb SLSs has shown that in these objects, the p-type Auger re¬ 
combination rates are suppressed by several orders when compared to those of bulk 
HgCdTe with similar bandgaps, but n-type materials arc less advantageous. 131 ' 132 
However, the promise of Auger suppression has yet to be observed in practical 
device material. 

A comparison of theoretically calculated and experimentally observed life¬ 
times at 77 K for 10 pm InAs/GalnSb SLS and 10 pm HgCdTe is presented 
in Fig. 3.6. The agreement between theory and experiment for carrier densities 
above 2 x 10 17 cm" 3 is good. The discrepancy between both types of results for 
lower carrier densities is due to Shockley-Read recombination processes having a 
t~6 x 10" 9 s, which was not taken into account in the calculations. For higher 
carrier densities, the SL carrier lifetime is two orders of magnitude longer than in 
HgCdTe. However, in low doping regions (below 10 15 cm" 3 , which are necessary 
to fabricate high-performance p-on-n HgCdTe photodiodes), the experimentally 
measured carrier lifetime in HgCdTe is more than two orders of magnitude longer 
than in SL. The recently published upper experimental data in Ref. 134 coincides 
well with HgCdTe trends in the range of lower carrier concentrations (see Fig. 3.6). 
In general, however, the SL carrier lifetime is limited by the influence of trap cen¬ 
ters located at an energy level of ~l/3 bandgap below the effective conduction 
band edge. 
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Figure 3.6 Comparison of measured and calculated carrier lifetimes of InAs/GalnSb SLS 
(approximately 120 eV energy gap) at 77 K as a function of carrier density. The experimental 
data were taken from Refs. 133 (•) and 134 (♦), and the theoretical data were taken from 
Ref. 133. 
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Narrow bandgap materials require the doping to be controlled to at least 
1 x 10 15 cm -3 or below to avoid deleterious high-field tunneling currents across 
reduced depletion widths at temperatures below 77 K. Lifetimes must be increased 
to enhance carrier diffusion and reduce related dark currents. At the present stage 
of development, the residual doping concentration (both n-type as well as p-type) is 
above 6 x 10 15 cm -3 in SLs grown at a substrate temperature ranging from 360°C 
to 440°C. 124 

3.5 Novel Sb-Based Materials 

In the middle and late 1950s, it was discovered that InSb, a member of the newly 
discovered III-V compound semiconductor family, had the smallest energy gap 
of any semiconductor known at that time; its potential applications as a MWIR 
detector became obvious. The energy gap of InSb is less well matched to the 3-5- 
pm band at higher operating temperatures, and better performance can be obtained 
from Hg|_ x Cd A Tc. InAs is a si mi lar compound to InSb but has a larger energy 
gap, so its threshold wavelength is 3-4- pm. 

3.5.1 InAsSb 

One of the earliest InSb-based ternary alloys investigated was InAsi_ v Sb x . 
The properties of the InAsSb ternary alloy were first investigated by Woolley 
et al. 135 ' 136 This material has a zinc-blende structure and direct bandgap at the 
Brillouin zone center. The relationship between the energy gap and composition is 
illustrated in Fig. 3.7, and it may be described by the following expression: 

3 4 xio _4 r 2 

EJx, T) = 0.411 - A-0.876x + 0.70x 2 

g 210 + r 

+ 3.4 x 10“ 4 xT(1 -x ). 137 (3.10) 

This formula indicates a fairly weak dependence of the band edge on composition 
in comparison with HgCdTe. As can be seen in Fig. 3.7, there is a strong bowing 
and a room temperature minimum bandgap energy of 0.1 eV at 35%. 

Earlier data suggest that InAsSb is an attractive semiconductor material for 
detectors covering the 3-5- um and 8-12-pm spectral ranges. 103 Flowever, some 
recent experimental results demonstrated that the cutoff wavelength of epitax¬ 
ial layers can be longer than 12.5 pm, thus covering the entire 8-14 pm at 
near room temperature. This may be due to structural ordering, but the exact 
mechanism has not been determined yet. These results show that InAsSb is a 
promising material system for 8-14-pm photodetectors operating at near room 
temperatures. 138,139 

Progress in the development of InAsSb material fabrication has been limited by 
crystal synthesis problems. The large separation between the liquidus and solidus 
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Figure 3.7 Dependence of the bandgap energy of lnAS[_ v Sb v on composition. 



Figure 3.8 Pseudobinary phase diagram for the InAs-lnSb system. (Reprinted from 
Ref. 140 with permission from ECS.) 


(Fig. 3.8) and the lattice mismatch (6.9% between InAs and InSb) place stringent 
demands upon the method of crystal growth. These difficulties arc being overcome 
systematically using MBE and MOCVD. 141 - 142 

Although effort has been devoted to the development of InAsSb as an alterna¬ 
tive to HgCdTe for IR applications, there is relatively little information available 
on the physical properties of InAsSb. A TTI-V detector technology would benefit 
from superior bond strengths and material stability (compared to HgCdTe), well- 
behaved dopants, and high-quality III-V substrates. Woolley and co-workers estab¬ 
lished the InAs-lnSb miscibility, 143 the pseudobinary phase diagram, 135 scattering 
mechanisms, 144 and the dependence of fundamental properties such as bandgap 136 
and effective masses on composition. 145 All of the above measurements were 
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performed on polycrystalline samples prepared by various freezing and anneal¬ 
ing techniques. The review of the rapid development of InAsSb crystal growth 
techniques, physical properties, and detector fabrication procedures is presented in 
Refs. 103 and 146. 

Conventional InAsSb does not have a sufficiently small gap at 77 K for opera¬ 
tion in the 8-14-p.m wavelength range. To build detectors that span the 8-14 pm at¬ 
mospheric window, Osbourn proposed the use of InAsSb SLSs. 147 This theoretical 
prediction reinforced interest in the investigation of InAsSb ternary alloy as a ma¬ 
terial for IR detector applications. 1 ' 146 However, further development of InAsSb 
SLSs has failed due to difficulties encountered in finding the proper growth con¬ 
ditions, especially for SLSs in the middle region of composition. Control of alloy 
composition has been problematic, especially for MBE. Due to the spontaneous 
nature of CuPt orderings, which result in substantial bandgap shrinkage, it is diffi¬ 
cult to accurately and reproducibly control the desired bandgap for optoelectronic 
device applications. 148 

3.5.2 InTISb and InTIP 

Since an InAso. 35 Sbo .65 based detector is not sufficient for efficient IR detection 
operated at lower temperatures in the 8-12 pm range, Ini_ x Tl v Sb (InTISb) was 
proposed as a potential IR material in the LWIR region. 149 ' 150 TISb is predicted 
as a semimetal. By alloying TISb with InSb, the bandgap of InTISb could be 
varied from —1.5 eV to 0.26 eV. Assuming a linear dependence of the bandgap 
on alloy composition, In 1 _ A Tl v Sb can then be expected to reach a bandgap of 
0.1 eV at x = 0.08, while exhibiting a similar lattice constant as InSb since the 
radius of T1 atom is very similar to In. At this gap, InTISb and HgCdTe have 
very si mi lar band structure. This implies that InTISb has comparable optical and 
electrical properties to HgCdTe. In the structural aspect, InTISb is expected to 
be more robust due to stronger bonding. The estimated miscibility limit of T1 in 
zinc-blende InTISb was estimated to be approximately 15%, which is sufficient 
to obtain an energy gap down to 0.1 eV. Figure 3.9 shows the expected relation¬ 
ships between bandgap energy and lattice constant for Tl-based III-V zinc-blende 
alloys. 151 

Room-temperature operation of InTISb photodetectors has been demonstrated 
with a cutoff wavelength of approximately 11 pm. 142 

Van Schilfgaarde et al. 152 showed that another ternary alloy, Ini_ A Tl A P (InTIP), 
is a promising material for IR detectors. It was shown that this material can cover 
the bandgap from 1.42 eV (InP at 0 K) to 0 eV using a small lattice mismatch with 
InP. Optical measurements verified the reduction of the bandgap by the addition of 
T1 into the InP. 153 

Tl-based III-V alloys will be more widely studied and applied to devices if the 
difficulties in the crystal growth are overcome. 
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Figure 3.9 Composition and wavelength diagrams of a number of semiconductors with di¬ 
amond and zinc-blende structure versus their lattice constants. Tl-based lll-Vs are also in¬ 
cluded. 

3.5.3 InSbBi 

As another alternative to the HgCdTe material system, InSb ] _ t Bi v (InSbBi) has 
been considered because the incorporation of Bi into InSb produces a rapid reduc¬ 
tion in the bandgap of 36 meV/%Bi. Thus, only a few percent of Bi is required to 
reduce the bandgap energy. 

The growth of an InSbBi epitaxial layer is difficult due to the large solid- 
phase miscibility gap between InSb and InBi. Recently, the successful growth of 
an InSbBi epitaxial layer on InSb and GaAs (100) substrates with a substantial 
amount of Bi (~5%) was demonstrated using low-pressure MOCVD. 154-155 The 
responsivity of the InSbo. 95 Bio .05 photoconductor at 10.6 pm was 1.9 x 10 -3 VAV 
at room temperature, and the corresponding Johnson noise limited detectivity was 
1.2 x 10 6 cm Hz l/2 /W. The effective carrier lifetime estimated from bias voltage- 
dependent responsivity was approximately 0.7 ns at 300 K. 

3.5.4 InSbN 

Dilute nitride alloys of III-V semiconductors have progressed rapidly in recent 
years following the discovery of strong negative bandgap bowing effects. 156 ' 157 
Most papers concentrated on the alloys GaAsN and GalnAsN owing to their tech¬ 
nological importance for fiber communications at wavelengths of 1.3 and 1.55 pm. 
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Initial estimates indicated that the addition of N to InSb would lead to a re¬ 
duction of its bandgap at a rate similar to that of the wider-gap III-V materials 
of approximately 100 meV per percent of N. Therefore, for some applications the 
InSbN might provide an alternative that would overcome some of the limitations 
of the more established materials such as HgCdTe and type II SLs of InAs/GalnSb. 

Preliminary estimates of the band structure of InSb|_ x N x were made using a 
semi-empirical k • p model. The predicted variation in band structure is illustrated 
in Fig. 3.10. A decrease in bandgap of 110 meV (fractional change of 63%) was 
predicted at 1% N, which clearly offers potential for long-wavelength applications. 
These theoretical predictions were experimentally confirmed with measurements 
of response wavelengths of light-emitting diodes. The InSbi_ x N x samples with up 
to 10% of the N were grown by combining molecular beam epitaxy and a nitrogen 
plasma source. 

The bandgap reduction has been accompanied by an enhancement in the Auger 
recombination lifetime of a factor of approximately 3 in comparison with an equiv¬ 
alent HgCdTe bandgap, due to the higher electron mass and conduction band 
nonparabolicity. 159 

3.6 Lead Salts 

The properties of the lead salt binary and ternary alloys have been extensively 
reviewed. 1 - 4 - 7 - 42 - 160-164 Therefore, only some of their most important properties 
will be mentioned here. 

Lead salt detectors were developed during World War II by the German military 
for use as heat-seeking sensors to find weapons. Immediately after the war, commu¬ 
nications, fire control, and search system applications began to stimulate a strong 



Figure 3.10 Variation of the bandgap energy of lnSb]_ x N x over the mid- to 
long-wavelength IR spectral range. (Reprinted from Ref. 158 with permission from Elsevier.) 
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development effort that continues to the present day. Sidewinder heat-seeking IR- 
guided missiles received a great deal of public attention. After 60 years, low-cost, 
versatile PbS and PbSe polycrystalline thin films remain the photoconductive de¬ 
tectors of choice for many applications in the 1-3 and 3-5 pm spectral regions. 
Over the past 25 years, new markets have developed for commercial applications 
of these detectors. Some of the commercial applications include spectrometry, pro¬ 
tein analysis, fire detection systems, combustion control, and moisture detection 
and control. 

3.6.1 Physical properties 

Lead chalcogenide semiconductors have a face-cantered cubic (rock salt) crystal 
structure and hence obtained the name “lead salts.” Thus, they have [100] cleavage 
planes and tend to grow in the (100) orientation although they can also be grown 
in the [111] orientation. Only SnSe possesses the orthorhombic-B29 structure. 

Numerous techniques to prepare lead salt single crystals and epitaxial layers 
have been investigated, and several excellent review articles devoted to this topic 
have been published. 165 “ 167 Bridgman-type or Czochralski methods result in crys¬ 
tals with increased size and variable composition. Frequently, the material also 
shows inclusions and rather high dislocation densities. They are mainly used as 
substrates for the subsequent growth of epilayers. Growth from the solution and 
the traveling solvent method offer interesting advantages such as higher homo¬ 
geneity in composition and lower temperatures, which lead to lower concentra¬ 
tions of lattice defects and impurities. The best results have been achieved with the 
sublimation growth technique since lead salts sublime as molecules. 

Thin single-crystal films of IV-VI compounds have found broad application in 
both fundamental research and applications. The epitaxial layers are usually grown 
by either VPE or LPE techniques. The best-quality devices have been obtained 
using MBE. 167 

Lead salts can exist with very large deviations from stoichiometry, and it 
is difficult to prepare material with carrier concentrations below approximately 
10 17 cm -3 . The width of the solidus field is large in IV-VI compounds (~0.1%) 
making the doping by native defects very efficient. Deviations from stoichiometry 
create n- or p-type conduction. Native defects associated with excess metal (non- 
metal vacancies or possibly metal interstitials) yield acceptor levels, while those 
that result from excess nonmetal (metal vacancies or possibly nonmetal intersti¬ 
tials) yield donor levels. 

In crystals grown from high-purity elements, the effects of foreign impurities 
are usually negligible when the carrier concentration, due to lattice defects, is above 
10 17 cm -3 . Below this concentration, foreign impurities can play a role by com¬ 
pensating for lattice defects and other foreign impurities. 

Lead salts have direct energy gaps, which occur at the Brillouin zone edge at the 
L point. The effective masses are therefore higher and the mobilities lower than for 
a zinc-blende structure with the same energy gap at the T point (the zone center). 
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The constant-energy surfaces are ellipsoids characterized by the longitudinal and 
transverse effective masses mf and m*, respectively. The anisotropy factor for PbTe 
is of the order of 10. The factor is much less, approximately 2, for PbS and PbSe. 

Table 3.6 contains a list of material parameters for different types of binary lead 
salts. 

As a consequence of the similar valence and conduction bands of lead salts, 
the electron and hole mobilities are approximately equal for the same temperatures 
and doping concentrations. Room-temperature mobilities in lead salts are 500- 
2000 cm 2 /V s. In many high-quality single-crystal samples, the mobility due to 
lattice scattering varies as T -5 / 2 . 161 This behavior has been attributed to a com¬ 
bination of polar-optical and acoustical lattice scattering and achieves the limiting 
values in the range of 10 5 -10 6 cm 2 /V s due to defect scattering. 

The interband absorption of the lead salts is more complicated compared to the 
standard case due to the anisotropic multivalley structure of both conduction and 
valence bands, nonparabolic Kane-type energy dispersion, and k-dependent matrix 


Table 3.6 Physical properties of lead salts. Data were obtained from Refs. 160 and 165. 



T (K) 

PbTe 

PbSe 

PbS 

Lattice structure 


Cubic (NaCl) 

Cubic (NaCl) 

Cubic (NaCl) 

Lattice constant a (nm) 

300 

0.6460 

0.61265 

0.59356 

Thermal expansion coefficient 

300 

19.8 

19.4 

20.3 

a (10 -6 K- 1 ) 

77 

15.9 

16.0 


Heat capacity Cp (J mol -1 K -1 ) 

300 

50.7 

50.3 

47.8 

Density y (g/cm 3 ) 

300 

8.242 

8.274 

7.596 

Melting point T m (K) 


1197 

1354 

1400 

Bandgap Eg (eV) 

300 

0.31 

0.28 

0.42 


77 

0.22 

0.17 

0.31 


4.2 

0.19 

0.15 

0.29 

Thermal coefficient of Eg 
(10 -4 eVK -1 ) 

Effective masses 

80-300 

4.2 

4.5 

4.5 

m* t /m 

4.2 

0.022 

0.040 

0.080 

m* lt /m 


0.025 

0.034 

0.075 

m* /m 
,n h i/ m 

Mobilities 


0.19 

0.070 

0.105 


0.24 

0.068 

0.105 

t i e (cirr/V s) 

77 

3 x 10 4 

3 x 10 4 

1.5 x 10 4 

p/, (cm 2 /Vs) 


2 x 10 4 

3 x 10 4 

1.5 x 10 4 

Intrinsic carrier concentration 
(cm -3 ) 

77 

1.5 x 10 10 

6 x 10 11 

3 x 10 7 

Static dielectric constant e s 

300 

380 

206 

172 


77 

428 

227 

184 

High-frequency dielectric 
constant £oo 

300 

32.8 

22.9 

17.2 

Optical phonons 

77 

36.9 

25.2 

18.4 

LO (cm -1 ) 

300 

114 

133 

212 

TO (cm -1 ) 

77 

32 

44 

67 
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elements. Analytical expressions for the absoiption coefficient for energies near 
the absorption edge have been given by several researchers. 168-170 

3.6.2 Deposition of polycrystaline PbS and PbSe films 

Although the fabrication methods developed for these photoconductors arc not 
completely understood, their properties arc well established. Unlike most other 
semiconductor IR detectors, lead salt materials arc used in the form of polycrys¬ 
talline films approximately 1 pm thick and with individual crystallites ranging in 
size from approximately 0.1-1.0 pm. They are usually prepared by chemical depo¬ 
sition using empirical recipes, which generally yields better uniformity of response 
and more stable results than the evaporative methods. 171 " 175 

The PbSe and PbS films used in commercial IR detectors arc made by chem¬ 
ical bath deposition (CBD)—the oldest and most-studied PbSe and PbS thin-film 
deposition method. It was used to deposit PbS in 1910. 176 The basis of CBD is a 
precipitation reaction between a slowly-produced anion (S 2 ~ or Se 2_ ) and a com- 
plexed metal cation. The commonly used precursors are lead salts, Pb(CH 3 COO )2 
or Pb(N 03 ) 2 , thiourea [(NPUUCS] for PbS, and selenourea [(NH 2 ) 2 CSe] for PbSe, 
all in alkaline solutions. Lead may be complexed with citrate, ammonia, triethanol- 
namine, or with selenosulfate itself. Most often, however, the deposition is carried 
out in a highly alkaline solution where OH - acts as the complexing agent for Pb 2+ . 

In CBD the film is formed when the product of the concentrations of the free 
ions is larger than the solubility product of the compound. Thus, CBD demands 
very strict control over the reaction temperature, pH, and precursor concentrations. 
In addition, the thickness of the film is limited, the terminal thickness usually being 
300-500 nm. Therefore, in order to get a film with a sufficient thickness (approx¬ 
imately 1 pm in IR detectors, for example), several successive depositions must 
be done. The benefit of CBD compared to gas phase techniques is that CBD is a 
low-cost temperature method and the substrate may be temperature-sensitive with 
the various shapes. 

As-deposited PbS films exhibit significant photoconductivity. However, a post¬ 
deposition baking process is used to achieve final sensitization. In order to obtain 
high-performance detectors, lead chalcogenide films need to be sensitized by oxi¬ 
dation. The oxidation may be earned out by using additives in the deposition bath, 
by post-deposition heat treatment in the presence of oxygen, or by chemical oxi¬ 
dation of the film. The effect of the oxidant is to introduce sensitizing centers and 
additional states into the bandgap and thereby increase the lifetime of the photo- 
excited holes in the p-type material. 

The backing process changes the initial n-type films to p-type films and op¬ 
timizes performance through the manipulation of resistance. The best material is 
obtained using a specific level of oxygen and a specific bake time. Only a small 
percentage (3-9%) of oxygen influences the absoiption properties and response of 
the detector. Temperatures ranging from 100 to 120°C and time periods from a 
few hours to in excess of 24 hours arc commonly employed to achieve final de¬ 
tector performance optimized for a particular application. Other impurities added 
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to the chemical-deposition solution for PbS have a considerable effect on the pho¬ 
tosensitivity characteristics of the films . 175 SbCl 2 , SbCl 3 , and AS 2 O 3 prolong the 
induction period and increase the photosensitivity by up to 10 times that of films 
prepared without these impurities. The increase is thought to be caused by the in¬ 
creased absoiption of CO 2 during the prolonged induction period. This increases 
PbC 03 formation, and thus photosensitivity. Arsine sulfide also changes the oxi¬ 
dation states on the surface. Moreover, it has been found that essentially the same 
performance characteristics can be achieved by baking in an air or a nitrogen at¬ 
mosphere. Therefore, all of the constituents necessary for sensitization arc con¬ 
tained in the raw PbS films as deposited. 

The preparation of PbSe photoconductors is similar to PbS ones. The post¬ 
deposition baking process for PbSe detectors operating at 77 K is earned out at 
a higher temperature (>400°C) in an oxygen atmosphere. However, for detectors 
to be used at ambient and/or intermediate temperatures, the oxygen or air bake is 
immediately followed by baking in a halogen gas atmosphere at temperatures in 
the range of 300 to 400°C. 177 A variety of materials can be used as substrates, 
but the best detector performance is achieved using single-crystal quartz material. 
PbSe detectors are often matched with Si to obtain higher collection efficiency. 

Photoconductors also have been fabricated from epitaxial layers without back¬ 
ing that resulted in devices with uniform sensitivity, uniform response time, and no 
aging effects. However, these devices do not offset the increased difficulty and cost 
of fabrication. 
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Chapter 4 


Intrinsic Photodetectors 


As indicated in Chapter 2 [see Eq. (2.18)], the detectivity of an IR photodetector 
of any type can be expressed as 


2 1 / 2 he 


———) 
G + RJ 


1/2 

F(oct), 


(4.1) 


where 


F(ott) — 


1 - e~ M 
(at ) 1 / 2 


(4.2) 


a is the absorption coefficient, G and R are the generation and recombination rates, 
and t is the detector’s thickness. 

This chapter considers the general theory of intrinsic IR photodetectors, includ¬ 
ing decisive generation-recombination mechanisms in semiconductor materials at 
near room temperature. 


4.1 Optical Absorption 

Optical properties of narrow-gap semiconductors have been widely investigated . 1 
The absoiption at the band edge is essential to determine the performance of 
IR photodetectors. However, there still appears to be considerable disagreement 
among the reported results concerning absoiption coefficients at wavelengths close 
to those corresponding with the bandgap. In most compound semiconductors, the 
band structure closely resembles the parabolic energy versus the momentum dis¬ 
persion relation. The optical absoiption coefficient would then have a square-root 
dependence on energy that follows the electronic density of states, often referred 
to as the Kane model . 2 The above bandgap absoiption coefficient can be calcu¬ 
lated for InSb-like band structure semiconductors such as Hgi_ x Cd A Te, includ¬ 
ing the Moss-Burstein shift effect. Corresponding expressions were derived by 
Anderson . 3 Beattie and White proposed an analytic approximation with a wide 
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Composition, x 

Figure 4.1 Calculated absorption coefficient of HgCdTe 10.6 pm as a function of composi¬ 
tion, temperature, and doping. 


range of applicability for band-to-band radiative transition rates in direct, narrow- 
bandgap semiconductors. 4 

The Kane region edges are steep as one would expect with a direct-gap semi¬ 
conductor. In general, the absoiption coefficient depends on doping due to changes 
to the Fermi level as a result of the Burstein-Moss effect. This is especially true 
for naiTow-bandgap material at high temperatures. To give an example, Fig. 4.1 
shows the calculated absoiption coefficient of Hgi_ z Cd A Te at 10.6 pm within the 
Kane model as a function of composition, temperature, and doping. The p-type 
doping increases absoiption due to the reduced bandfilling effect in the conduc¬ 
tance band. The increase of absoiption with doping levels used for device fabri¬ 
cation of uncooled detectors is quite significant (a factor of ~2 for x ~ 0.17 and 
N a = 2 x 10 17 cm -3 ). 

While the measured absoiption for /zw > E g is in good agreement with the 
Kane model, the long-wavelength absoiption edge in Hgi_ v Cd x Te and closely re¬ 
lated semiconductor alloys (Hgi_ Y Zn v Te, Hgi_ x Mn x Te) exhibit an exponential 
tail extending at energies lower than the bandgap. The tail has been attributed to a 
composition-induced disorder. The tailing is additionally increased by native point 
defects, impurities, nonuniform composition, and other imperfections of the crys¬ 
tals. 

Near the band edge, a band-tail absoiption typically follows an exponential 
dependence versus energy, commonly referred to as an Urbach tail: 5 - 6 

a{E - E 0 ) 

T + T 0 


cx = oc 0 exp 


(4.3) 
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where E a is the transition energy between the below-bandgap and above-bandgap 
regions of the absoiption coefficient, ot a is the corresponding coefficient at this en¬ 
ergy, and ct/(T + T 0 ) is the exponential tail slope parameter. According to Finkman 
and Schacham, the absoiption tail obeys the rule [see (Eq. 4.3)], where ot in cm~ , 
E is in eV, T is in K, T n = 81.9 (in K), E 0 = —0.3424+ 1.838x + 0.148x 2 (in eV), 
a — 3.267 x 10 4 (1 + x) (in K/eV), and <x 0 = exp(53.61x — 18.88). These are all 
fitting parameters that vary smoothly with composition . 7 The fit was performed 
with data at x = 0.215 and x = 1, and for temperatures between 80 and 300 K. 

Assuming that the absorber coefficient for large energies can be expressed as 

ot(/n0 = fi(hv-E g ) 1/2 , (4.4) 

many researchers assume that this rule can be applied to HgCdTe . 6-8 For exam¬ 
ple, Schacham and Finkman used the following fitting parameter (3 = 2.109 x 
10 5 [(1 + jc)/(8 1.9 + T)] 1 / 2 , which is a function of composition and temperature . 8 
The conventional procedure used to locate the energy gap is to use the point inflec¬ 
tion, i.e., exploit the large change in the slope of <x(/;w) that is expected when the 
band-to-band transition overtakes the weaker Urbach contribution. To overcome 
the difficulty in locating the onset of the band-to-band transition, the bandgap was 
defined as that energy value where a(/rv) = 500 cm -1 . 7 Schacham and Finkman 8 
analyzed the crossover point and suggested ot — 800 cm -1 was a better choice. 
Hougen 9 analyzed absoiption data of n-type FPE layers and suggested that the 
best formula was ot = 100 + 5000.x. 

Chu et al . 10 reported similar empirical formulas for the absoiption coefficient 
at the Kane and Urbach tail regions. They received the following modified Urbach 
rule of the form: 


ot — ot Q exp 


S(E - E 0 ) 
kT 


(4.5) 


where 

lna„ = —18.5 + 45.68x, 

E 0 = —0.355 + 1.77x, 

(lnou — lna c ) 

8 kT = --£-—, 

(E g - E 0 ) 

ot g = -65 + 1.88T + (8694 - 10.315T)x, and 

E g (x, T) = -0.295 + 1.87x - 0.28x 2 + 10^(6 - 14x + 3x 2 )T + 0.35x 4 . 

The meaning of the parameter ot g is that ot — ot g when E = E g , the absoiption co¬ 
efficient at the bandgap energy. When E < E g , ot < ot g , the absoiption coefficient 
obeys the Urbach rule in Eq. (4.5). 
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Chu et al. 11 also found an empirical formula to calculate the intrinsic optical 
absorption coefficient at the Kane region: 

a— a g exp[|3(,E — .Eg)] 1 / 2 , (4.6) 

where the parameter (3 depends on the alloy composition and temperature 

|3(x, T) = —1 + 0.083T + (21 - 0.137>. 

By expanding Eq. (4.6), one finds a linear term, (E — E g )^ 2 , that fits the square- 
root law between a and E proper for parabolic bands [see Eq. (4.4)]. 

Figure 4.2 shows the intrinsic absorption spectrum for Hgi_ x Cd z Te with 
x = 0.170 — 0.443 at temperatures 300 K and 77 K. It can be seen that the cal¬ 
culated Kane plateaus according to Ref. 12 and Eq. (4.6) link closely with the 
calculated Urbach absoiption tail from Eq. (4.5) at the turning point ot g . Since 
the tail effect is not included in the Anderson model, 3 the curves calculated ac¬ 
cording to this model fall down sharply at energies adjacent to E g . At 300 K, the 
line shapes derived for absorption coefficients above cx g have almost the same ten¬ 
dency; however, Chu et al.’s expression [Eq. (4.5)] shows a stronger agreement 
with the experimental data. At 77 K, the curves for the expressions of Anderson 
and Chu et al. are in agreement with the measurements, but discrepancies occur for 
the empirical parabolic rule of S harm a et al., 12 and these deviations increase with 
decreasing x. The degree of band nonparabolicity increases as the temperature or 
x decrease, which results in an increasing discrepancy between the experimental 
result and the square-root law. In general, Chu et al.’s empirical rule and the An¬ 
derson model agree with experimental data for Hgi_ x Cd t Tc, with x ranging from 
0.170 to 0.443 and at temperatures from 4.2 to 300 K, but the Anderson model fails 
to explain the absorption near - Eg. 13 

More recently, it has been suggested that narrow-bandgap semiconductors such 
as HgCdTe more closely resemble a hyperbolic band-structure relationship with an 
absorption coefficient given by 


kJ(E — E g + c) 2 — c 2 (E - E g + c ) 

a= —---, (4.7) 

E 

where c is the parameter defining hyperbolic curvature of the band structure, and 
K is the parameter defining the absolute value of the absorption coefficient. 14 - 15 
Recently this theoretical prediction has been confirmed by experimental mea¬ 
surements of optical properties of MBE HgCdTe-grown samples with uniform 
compositions. 16 ' 17 As defined in Eqs. (4.3) and (4.7), the fitting parameters for 
bandgap, tail, and hyperbolic regions of the absorption coefficient have been ex¬ 
tracted by the determination of the transition point between both regions. The 
derivative of the absorption coefficient has a maximum between the Urbach and hy¬ 
perbolic regions. Figure 4.3 shows the measured exponential-slope parameter val¬ 
ues < j/(T + T (> ) versus temperature and compares them to values given by Finkman 
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Energy (eV) 

(b) 

Figure 4.2 Intrinsic absorption spectrum of Hg-|_ v Cd v Te samples with x = 0.170 - 0.443 
at (a) 300 K, and (b) 77 K. Symbols indicate experimental data from Refs. 10 and 11: the 
dash-double-dotted curves are according to Anderson’s model; medium dashed curves are 
from Sharma et al. 12 ; solid curves are from Eq. (4.6) of Chu et al.; and dash-dotted lines 
below E s are from Eq. (4.5). (Reprinted from Ref. 13 with permission from Elsevier.) 


and Schacham for the arbitrarily chosen composition of x = 0.3. 7 This choice of 
composition does not have a significant effect on the values obtained, where the 
values given by Finkman and Schacham have small compositional dependence in 
the region of interest (0.2 < * < 0.6), and where the parameter o/(T + T a ) is pro¬ 
portional to (1 + x) 3 . This parameter shows no clear correlation with composition 
where there is significant scatter in the data at cryogenic temperatures. The trend 
of decreasing values with increasing temperature is in agreement with an increase 
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Figure 4.3 Band-tail parameter <t/(T + T 0 ) versus temperature for different compositions 
and a proposed model based on the best overall fit along with values from Ref. 7 for x = 0.3. 
(Reprinted from Ref. 17 with permission from TMS.) 

in thermally excited absoiption processes, where the values obtained at lower tem¬ 
peratures are more indicative of the quality of the layers grown. 

It should be noted that the expressions discussed above do not take into ac¬ 
count the influence of doping on the absoiption coefficient, and as a result, these 
expressions are not very useful in modeling the long-wavelength uncooled devices. 

The standard approximations used at Vigo System S.A. arc Kane calculations 
for large energies that take into account the doping-dependent Burstein-Moss effect 
and the Urbach-type expression for longer wavelengths with a 500 cm -1 crossover 
point. 18 In this case, the crossover point depends on doping. 

Hgi_ x Cd A Tc and closely related alloys exhibit significant absoiption, seen be¬ 
low the absoiption edges, which can be related to intraband transitions in both the 
conduction and valence bands as well as the intervalence band transitions. 19 This 
absoiption does not contribute to the optical generation of charge carriers. 

4.2 Thermal Generation-Recombination Processes 

The generation processes that compete against the recombination processes di¬ 
rectly affect the performance of photodetectors. These processes set up a steady- 
state concentration of carriers in semiconductors that are subjected to thermal and 
optical excitation. The generation processes also frequently determine the kinetics 
of photogenerated signals. 

The generation-recombination processes in semiconductors arc widely dis¬ 
cussed in the literature (see, for example, Refs. 20-22). Here we have reproduces 
only some dependencies directly related to photodetector performance. Assum- 
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ing bulk processes only, there are three main thermal generation-recombination 
processes to be considered in narrow-bandgap semiconductors: Shockley-Read, 
radiative, and Auger. 

4.2.1 Shockley-Read processes 

The Shockley-Read (SR) mechanism is not an intrinsic and fundamental process 
because it occurs at levels in the forbidden energy gap. The reported positions of 
SR centers for both n- and p-type materials range anywhere from near the valence 
to near the conduction band. 

The SR mechanism is probably responsible for lifetimes in lightly doped n- and 
p-type Hgi_ v Cd x Te. The possible factors are SR centers associated with native de¬ 
fects and residual impurities. In n-type material (x = 0.20-0.21, 80 K) with carrier 
concentrations less than 10 15 cm -3 , the lifetimes exhibit a broad range of values 
(0.4-8 p.s) for material prepared by various techniques. 23 Dislocations may also 
influence the recombination time for dislocation densities >5 x 10 5 cm” 2 . 24-26 

In p-type HgCdTe, the SR mechanism is usually blamed for reducing the life¬ 
time with decreasing temperature. The steady-state, low-temperature photocon- 
ductive lifetimes are usually much shorter than the transient lifetimes. The low- 
temperature lifetimes exhibit very different temperature dependencies with a broad 
range of values over three orders of magnitude, from 1 ns to 1 ps (p ~ 10 16 cm” 3 , 
x ~ 0.2, T ~ 77 K, vacancy doping). 23,27 This is due to many factors that may af¬ 
fect the measured lifetime, including inhomogeneities, inclusions, and surface and 
contact phenomena. The highest lifetime was measured in high-quality undoped 
and extrinsically doped materials grown by low-temperature epitaxial techniques 
from Hg-rich LPE 28 and MOCVD. 29-31 Typically, Cu- or Au-doped materials ex¬ 
hibit lifetimes one order of magnitude larger than vacancy-doped materials of the 
same hole concentration. 27 It is believed that the increase of lifetime in impurity- 
doped Hgi_ Y Cd A Te arises from a reduction of SR centers. This may be due to the 
low-temperature growth of doped layers or due to low-temperature annealing of 
doped samples. 

The origin of the SR centers in vacancy-doped p-type material is not clear at 
present. These centers do not seem to be the vacancies themselves and thus may be 
removable. 32 Vacancy-doped material with the same carrier concentration but cre¬ 
ated under different annealing temperatures may produce different lifetimes. One 
possible candidate for recombination centers is Hg interstitials. 33 Vacancy-doped 
Hgi_ x Cd v Te exhibits SR recombination center densities roughly proportional to 
the vacancy concentration. 

Measurements by DRS Technologies 34 give lifetimes values for extrinsic 
p-type material: 


Text — 9 X 
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P l + P 

pN a 
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where 


Pi = N v exp 


q(E r Eg) 
kT 


(4.9) 


and E r is the SR center energy relative to the conduction band. Experimentally, E, 
was found to lie at the intrinsic level for As, Cu, and Au dopants, giving p\ = n,. 
For vacancy-doped p-type Hg|_ x Cd A Tc, 

^vac = 5 x 10 9 —^—, (4.10) 

P Elvac 

where 

n\ = iV c exp^^-j. (4.11) 


E r is ~30 mV from the conduction band (x = 0.22-0.30). 

As follows from these expressions and Fig. 4.4, doping with the foreign impu¬ 
rities (Au, Cu, and As for p-type material) gives lifetimes significantly increased 
compared to native doping of the same level. 

Although a considerable research effort is still necessary, the Shockley-Read 
process does not represent a fundamental limit to photodetector performance. 


4.2.2 Internal radiative processes 


Radiative generation of charge carriers is a result of the absoiption of internally 
generated photons. The radiative recombination is an inversed process of annihila¬ 
tion of electron-hole pars with emission of photons. The radiative recombination 



Figure 4.4 Measured lifetimes at 77 K for n- and p-type (a) LWIR, and (b) MWIR, which are 
compared to the theory for Auger 1, Auger 7, Shockley-Read, and internal radiative recom¬ 
binations as a function of doping concentration. (Reprinted from Ref. 35 with permission 
from TMS.) 
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rates were calculated for conduction-to-heavy-hole-band and conduction-to-light- 
hole-band transitions using an accurate analytical form. 4 

For a long time, internal radiative processes have been considered to be the 
main fundamental limit to detector performance, and the performance of practical 
devices has been compared to that limit. The role of the radiative mechanism in IR 
radiation detection has been critically re-examined. 36-38 Humpreys indicated that 
most of the photons emitted in photodetectors as a result of radiative decay are im¬ 
mediately reabsorbed, and as a result the observed radiative lifetime is only a mea¬ 
sure of how well photons can escape from the detector body. 37 Due to reabsorp¬ 
tion, the radiative lifetime is highly extended and dependent on the semiconduc¬ 
tor geometry. Therefore, internal combined recombination-generation processes in 
one detector are essentially noiseless. In contrast, the recombination act with cog¬ 
nate escape of a photon from the detector, or the generation of photons by thermal 
radiation from outside the active body of the detector, are both noise-producing 
processes. This may readily happen in the case of a detector array where an el¬ 
ement may absorb photons emitted by another detector or a passive paid of the 
structure. 38 - 39 The deposition of the reflective layers (mirrors) on the back and 
side of the detector may significantly improve optical insulation, which prevents 
noisy emissions and the absoiption of thermal photons. 

It should be noted that internal radiative generation could be suppressed in 
detectors operated under reverse bias, where the electron density in the active layer 
is reduced to well below its equilibrium level. 40 - 41 

As follows from the above considerations, the internal radiative processes— 
although of a fundamental nature—do not limit the ultimate performance of IR 
detectors. 

4.2.3 Auger processes 

Auger mechanisms dominate the generation and recombination processes in high- 
quality narrow-gap semiconductors such as Hgi_ Y Cd A Te and InSb at near room 
temperatures. 42,43 The Auger generation is essentially the electrons’ impact ion¬ 
ization of holes in the high-energy tail of a Fermi-Dirac distribution. The band-to- 
band Auger mechanisms in InSb-like band structure semiconductors are classified 
into 10 photonless mechanisms. Two of them have the smallest threshold energies 
(Ej ~ Eg) and arc denoted as Auger 1 (Al) and Auger 7 (A7). In some wider- 
bandgap materials (e.g., InAs and low x InAsi_ Y Sb x ) in which the split-off band 
energy A is comparable to E g , the Auger process involves a split-off band (AS 
process) that also may play an important role. 

The Al generation is the impact ionization by an electron, which generates 
an electron-hole pair, so this process involves two electrons and one heavy hole. 
An interesting feature is the behavior of the Al generation and recombination 
with degenerate n-type doping. Because the low density of the Fermi level moves 
high into the conduction band with n-type doping, the concentration of minority 
holes is strongly reduced and the threshold energy required for the Auger transi- 
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tion increases. This results in suppression of A1 processes in heavy doped n-type 
material. 

The A7 generation is the impact generation of an electron hole pair by a light 
hole, involving one heavy hole, one light hole, and one electron. 44-46 This process 
may dominate in p-type material. Heavy p-type doping has a dramatic effect on 
the A7 generation and recombination rates due to the much higher density of 
states. The corresponding Auger recombination mechanisms are inverse processes 
of electron-hole recombination with energy transferred to the electron or hole. 
Strong temperature and bandgap dependence is expected since a lowered tempera¬ 
ture and increased bandgap strongly reduce the probability of these heat-stimulated 
transitions. 

The net generation rate due to the A1 and A7 processes can be described as 


G a — R a = 


np 


2 nf 


L(1 +an) t' a1 



(4.12) 


where t a1 and t' A7 arc the intrinsic A1 and A7 recombination times, and «, is the 
intrinsic concentration. 47 The last equation is valid for a wide range of concen¬ 
trations, including degeneration, which easily occurs in n-type materials. This is 
expressed by the finite value of a. According to Ref. 47, a = 5.26 x 10 18 cm 3 . 
Due to the shape of the valence band, the degeneracy in p-type material occurs only 
at very high doping levels, which is not achievable in practice. 

The A1 intrinsic recombination time is equal to 

hh 2 a £ 2 (l + p) 1 / 2 (l + 2p)exp{[(l+2p)/(l + mE s /kT)} 

T At 2 3 / 2 7t 1 /Vm 0 (m*/m)\FiF 2 \ 2 (kT/E g ) 3 / 2 

(4.13) 


where p. is the ratio of the conduction to the heavy-hole valence-band effective 
mass, £ v is the static-frequency dielectric constant, and \F\ F 2 \ arc the overlap in¬ 
tegrals of the periodic part of the electron wave functions. The overlap integrals 
cause the biggest uncertainly in the A1 lifetime. Values ranging from 0.1 to 0.3 
have been obtained by various authors. In practice, it is taken as a constant equal 
to anywhere between 0.1 and 0.3, leading to changes in the lifetime by almost one 
order of magnitude. 

The static dielectric constants for Hgi_ v Cd v Te were approximated from 
smoothed median values: 

£, = 20.5 - 15.5jc + 5.7x 2 48 (4.14) 


The ratio of A7 and A1 intrinsic times, 


y = 


l A7 


At 


(4.15) 
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is another term of high uncertainty. According to Casselman et al., 44,45 for 
Hgi_ x Cd x Te over the range 0.16 < x < 0.40 and 50 K < T < 300 K, 3 < y < 6. 
Direct measurements of carrier recombination show the ratio y larger than ex¬ 
pected from previous calculations (~8 for x ~ 0.2 at 295 K). 49 Recently published 
theoretical 50 - 51 and experimental 35 - 51 results indicate that this ratio is even higher; 
the data presented in Fig. 4.4 would indicate a value of approximately 60. Since y 
is higher than unity, higher recombination lifetimes are expected in p-type materi¬ 
als compared to n-type materials of the same doping. 

Kinch delivered a simplified formula for the Al intrinsic recombination time: 

^ = 8.3xl0-^f 2 (^) 3,2 exp(i^), (4.16) 

where E g is in eV. 34 

As Eqs. (4.12) and (4.13) show, the Auger generation and recombination rates 
are strongly dependent on temperature via the dependence of the carrier concentra¬ 
tion and the intrinsic time on temperature. Therefore, cooling is a natural and very 
effective way to suppress Auger processes. 

Until recently, the n-type Al lifetime was deemed to be well established. Krish- 
namurthy et al. 51 showed that the full band calculations indicate that the radiative 
and Auger recombination rates arc much slower than those predicted by expres¬ 
sions used in the literature (based on the theory of Beattie and Landsberg 42 ). It 
appears that a trap state tracking the conduction band edge with a very small acti¬ 
vation energy can explain the lifetimes in n-doped MBE samples. 

The p-type A7 lifetime has long been a subject of controversy. Beattie and 
White derived an analytic approximation with a wide range of applicability for 
Auger transitions. 52 The flat valence band model has been used to obtain a sim¬ 
ple analytic approximation that requires just two parameters to cover a wide range 
of temperature and carrier Fermi levels, both degenerate and nondegenerate. De¬ 
tailed calculations of the Auger lifetime in p-type HgCdTe reported by Krishna- 
murthy and Casselman suggest a significant deviation from the classic xai ~ p~ 2 
relation. 50 The decrease of r,\i with doping is much weaker, resulting in signifi¬ 
cantly longer lifetimes in highly doped p-type low x materials (a factor of ~20 for 
p= lx 10 17 cm -3 , x = 0.226, and T =11 y 300 K). 

4.3 Auger-Dominated Performance 
4.3.1 Equilibrium devices 

Let us consider the Auger-limited detectivity of photodetectors. At equilibrium, 
the generation and recombination rates arc equal. If it is assumed that both rates 
contribute to noise [see Eq. (2.16)], then 

D* =-—- f —^ 1/2 

2 hc(G A ty/ 2 \A e ) 


(4.17) 
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If nondegenerate statistics are assumed, then 


G a = 


Ml 


+ 
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2t A7 


Ml 


n + 


y 


(4.18) 


The resulting Auger generation achieves its minimum in only extrinsic p-type 
materials with p = y l/2 /i, and leads to an important conclusion about optimum 
doping for the best performance. In practice, the required p-type doping level 
would be difficult to achieve for LN-cooled and short- wavelength devices. More¬ 
over, the p-type devices are more vulnerable to nonfundamental limitations (such 
as contacts, surface, and Shockley-Read processes) than the n-type devices. This 
is the reason why low-temperature and short-wavelength photodetectors arc typi¬ 
cally manufactured from lightly doped n-type materials. In contrast, p-type doping 
is clearly advantageous for the near-room-temperature and long-wavelength pho¬ 
todetectors. 

The Auger-dominated detectivity is 


D* 


X (AoV 12 n ( Tj» yc 

2 l / 2 hc\A e ) t l / 2 \n + p/'Y/ 


(4.19) 


As follows from Eq. (2.23), for the optimum thickness devices, 


D* = 0.31k 


Aa 1/2 (2 t ^ 41 ) 1/2 
he (n + p/y) 


(4.20) 


This expression can be used to determine the optimum A1/A7 detectivity as a func¬ 
tion of wavelength, material bandgap, and doping. 

To estimate the wavelength and temperature dependence of D*, let us assume 
a constant absorption for photons with energy equal to the bandgap. For extrinsic 
materials (p — N a or n = Nd), 


D* 



-l 



= exp 


he/ 2A co A 

kT )' 


(4-21) 


In this case the ultimate detectivity will be inversely proportional to intrinsic con¬ 
centration. This behavior should be expected at shorter wavelengths and lower tem¬ 
peratures when the intrinsic concentration is low. 

For intrinsic materials and for materials doped for the minimum thermal gener¬ 
ation, where p = y 1 / 2 ?;,, n = /i,/y l/<2 and n + p = 2y -1 ( 2 /z,-, stronger D* ~ m 2 
dependence can be expected: 


D* 


Mt ) 1/2 



(hc/Xc 


n. 


= exp 


kT 


(4.22) 
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Figure 4.5 Calculated performance of Auger generation-recombination limited 
Hgt_ v Cd v Te photodetectors as a function of wavelength and temperature of opera¬ 
tion. BLIP detectivity has been calculated for 2n FOV, Tg= 300 K, and n = 1. 


Figure 4.5 shows the calculated detectivity of Auger generation-recombination 
limited Hgi_ z Cd x Te photodetectors as a function of wavelength and the temper¬ 
ature of the operation. Calculations have been performed for 10 14 cm“ 3 doping, 
which is the lowest donor doping level that is achievable in a controllable manner in 
practice. Values as low as ~1 x 10 13 cm -3 are at present achievable in laboratories, 
while values of 3 x 10 14 cm -3 arc more typical in industry. Liquid nitrogen cooling 
potentially makes it possible to achieve BLIP (300 K) performance over the entire 
2-20 pm range. Achievable with Peltier coolers, 200 K cooling would be sufficient 
for BLIP operation in the middle- and short-wavelength regions (<5 pm). 

Detector performance can be improved further by the use of optical immersion 
(Fig. 4.6). Flowever, the theoretical detectivity limit for uncooled detectors remains 
approximately one or almost two orders of magnitude below Z)g LIp (300 K, 27t) 
for ~5-pm and 10-pm wavelengths, respectively. An improvement by a factor of 
~2 is still possible with optimum p-type doping. 

4.3.2 Nonequilibrium devices 

Auger generation had appeared to be a fundamental limitation to IR photodetec¬ 
tor performance until British workers proposed a new approach to reducing the 
photodetector cooling requirements. 53 - 54 This approach, one of the most exciting 
events in the field of IR photodetectors operating without cryogenic cooling, is 
based on the nonequilibrium mode of operation. 

Their concept relies on the dependence of the Auger processes on a concen¬ 
tration of free carriers. The suppression of Auger processes may be achieved by 
decreasing the free-carrier concentration below equilibrium values. Nonequilib¬ 
rium depletion of semiconductors can be applied to reduce the concentration of the 
majority and minority carrier concentrations. This can be achieved in some devices 
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Cutoff wavelength (pm) 

Figure 4.6 Calculated performance of optically immersed equilibrium mode Hgi_ v Cd. v Te 
photodetectors as a function of wavelength and temperature. Hyperspherical immersion 
and a lens refraction coefficient of n = 2.7 has been assumed. BLIP detectivity has been 
calculated for 27t FOV, T b = 300 K, and q = 1. 


that are based on lightly doped narrow-gap semiconductors, such as in biased low- 
high (1-h) doped contact structures, heterojunction contact structures, MIS struc¬ 
tures, or structures that use the magnetoconcentration effect. Under strong deple¬ 
tion, the concentrations of both majority and minority carriers can be reduced be¬ 
low the intrinsic concentration. The majority carrier concentration saturates at the 
extrinsic level while the concentration of minority carriers is reduced below the 
extrinsic level. Therefore, the necessary condition for deep depletion is a very light 
doping of the semiconductor below the intrinsic concentration. 

Table 4.1 explains the symbols employed to describe semiconductors used for 
the absorber and contact regions of a photodetector. 


Table 4.1 Terminology used to describe various device component categories. 


Category Description 


n 

P 

n - 

P _ 

n+ 

P + 

•v 

n 

N 

P 

N“ 

P“ 

N+ 

P+ 


extrinsically n-doped, Nd > «, , active region 
extrinsically p-doped, N a > rij, active region 
just extrinsic n, n, < Nd < 2active region 
just extrinsic p, n, < N a < 2n;, active region 
degenerated n-doped 
degenerated p-doped 

near intrinsic n-type, Nd < active region 

near intrinsic p-type, N a < n ;, active region 

wider bandgap than active region, extrinsically n-doped, N ( j > n ,• 

wider bandgap than active region, extrinsically n-doped, N a > n, 

low n-doped N material 

low p-doped P material 

degenerated N material 

degenerated P material 
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To discuss the fundamental performance limits of Auger-suppressed devices, 
first consider a detector based on w-type material. At strong depletion, n = Nj, 
and the Auger generation rate is 


G a = 



(4.23) 


As follows from Eq. (4.23), deep depletion makes the recombination rate negli¬ 
gible compared to the generation rate; as a result, it is readily eliminated as a noise 
source in depleted materials. Therefore, 


D* 


A P 
he I 1 / 2 



Similarly, for 7t-type materials, 


and 


G a = 


Ng 

2y^i ’ 


D* 


A JL 

he I 1 / 2 



1/2 


(4.24) 


(4.25) 


(4.26) 


Again, as in the equilibrium case, the use of 7t-type material is advantageous, im¬ 
proving the detectivity by a factor of y J / 2 compared to vMypc material of the same 
doping (y > 1). 

Comparing the corresponding equations for equilibrium and nonequilibrium 
modes, we find that the use of the nonequilibrium mode of operation may reduce 
the Auger generation rate by a factor tij/Nd in lightly doped material with cor¬ 
responding detectivity improvement of (2 ni/NdV' 2 - The additional gain factor of 
2 1 / 2 is due to the negligible recombination rate in the depleted semiconductor. The 
gain for p-type material is even larger—a factor of [2(y + 1)/;, / AC | 1 /2 , taking into 
account the elimination of A1 and A7 recombinations. Additional depletion-related 
improvement also can be expected from increased absoiption due to the reduced 
bandfiling effect. 

The resulting improvement may be quite large, particularly for LWIR devices 
operating at near room temperatures as shown in Fig. 4.7. Potentially, the BLIP 
performance can be obtained without cooling. The BLIP limit can be achieved by 
the following: 

• Using materials with controlled doping at a very low level (~10 12 cm -3 ); 

• Using extremely high-quality materials with a very low concentration of 
Shockley-Read centers; 
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• Properly designing a device that prevents thermal generation at surfaces, in¬ 
terfaces, and contacts; and 

• Using a thermal dissipation device whose design makes it possible to achieve 
a state of strong depletion. 

The requirements for BLIP performance (A = 10 pm, T — 300 K), particularly 
the doping concentration, can be eased significantly by using optical immersion 



2 4 6 8 10 12 14 16 18 20 

Cutoff wavelength (pm) 


Figure 4.7 Calculated performance of Auger generation-recombination limited and oper¬ 
ated in the nonequilibrium-mode Hg 1 _ x Cd A: Te photodetectors as a function of wavelength 
and temperature. BLIP detectivity has been calculated for 2n FOV, Tg = 300 K, and g = 1. 



Cutoff wavelength (pm) 

Figure 4.8 Calculated performance of optically immersed, nonequilibrium mode 
Hg-|_ v Cd v Te photodetectors as a function of wavelength and temperature. Hyperspherical 
immersion and a lens refraction coefficient of n — 2.7 has been assumed. BLIP detectivity 
has been calculated for 27t FOV, Tg = 300 K, and g = 1. 
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(Fig. 4.8). In principle, BLIP performance can be obtained with an ~10 13 cm 3 
donor and ~3 x 10 13 cm -3 acceptor doping. 

4.4 Modeling of High-Temperature Photodetectors 

Traditionally IR photodetectors have been called either photoconductive or photo¬ 
voltaic detectors based on the principle by which optically generated carriers can 
be detected as a change in voltage or current across an element. 55 The simple de¬ 
sign of photoconductors is based on a flake of semiconductor supplied with ohmic 
contacts, while photovoltaic detectors are p-n homojunction devices. Dember and 
PEM-effect detectors arc less-common photovoltaic devices that require no p-n 
junction. 

However, recent advances in heterostructure devices such as the development 
of the heterojunction photoconductor and the double-layer heterostructure photodi¬ 
ode, and the introduction of the nonequilibrium mode of operation, make this dis¬ 
tinction unclear. Moreover, photovoltaic structures are frequently biased, exhibit¬ 
ing signal due to both photovoltages at junctions and from the photoconductivity 
of some regions. 

An optimized photodetector (see Fig. 2.1) of any type may be a 3D monolithic 
heterostructure that consists of the following regions: 

• Concentrator of IR radiation that directs incident radiation onto absorber (an 
example is an immersion lens made of a wide-gap semiconductor); 

• Absorber of IR radiation where the generation of free carriers occurs (this is 
a narrow-gap semiconductor with bandgap, doping, and geometry selected 
for the highest ratio of the optical-to-thermal generation rates); 

• Contacts to the absorber, which sense the optically generated charge carriers 
(contacts should not contribute to the dark current of the device; examples 
are wide-gap heterojunction contacts used in modern devices); 

• Passivation of the absorber (the surfaces of the absorber must be insulated 
from the ambient by a material that also doesn’t contribute to carrier gener¬ 
ation; in addition, passivation repels the carriers optically generated in the 
absorber, keeping them away from surfaces where recombination can reduce 
the quantum efficiency); and 

• Retroreflector to enhance absoiption (examples arc metal or dielectric mir¬ 
rors; optical resonant cavity structures also can be used). 56,57 

The structures of an optimized photodetector make it possible to reach the the¬ 
oretical performance limits in practice. Structures obtained by 3D gap and doping 
engineering of Hgi _ x Cd A Te arc examples of such a device. 58 

Modeling of photodetectors is a strategically important task that is necessary to 
understand photodetector properties and to optimize their design. Analytical mod¬ 
els were developed for specific types of IR devices based on idealized structures. 



92 


Chapter 4 


operating both in equilibrium and nonequilibrium mode. These models make some 
features of the device’s operation easy to understand and analyze. 

In general, however, the operation of advanced devices can no longer be de¬ 
scribed by analytical models. Omitting specific features of narrow-gap materials— 
such as degeneracy and nonparabolic conduction band—may result in enormous 
errors. The nonequilibrium mode of operation of IR photodetectors brings further 
complications. The devices are based on an absorber that is near intrinsic or just ex¬ 
trinsic at the operating temperature. The properties of the device differ from those 
with an extrinsic absorber. 59 First, drift and diffusion arc dominated by ambipo- 
lar effects due to space charge coupling between electrons and holes. Second, the 
concentration of charge carriers in near-intrinsic materials can be driven to levels 
considerably below intrinsic concentrations. As a result, the perturbation can be 
described only in terms of large signal theory. Third, carrier concentrations in low 
bandgap materials are dominated by Auger generation and recombination. 

An accurate description of more and more complex device architectures, in¬ 
cluding doping and bandgap grading; heterojunctions; 2D and 3D effects; ambipo- 
lar effects; nonequilibrium operation; and surface, interface, and contact effects, 
can be achieved only with solutions to the fundamental equations that describe the 
electrical behavior of semiconductor devices. These partial differential equations 
include continuity equations for electrons and holes and Poisson’s equation: 

dn 1 -. - 

- = -V-J n + G n -R„, (4.27) 

at q 

dp 1 -> 

JL = -V.j+G p -R p , (4.28) 

at q 

£ 0 £,V 2 4' = -q(N+ - N~ + p- n ) - p s , (4.29) 

where 'T is the electrostatic potential defined as the intrinsic Fermi potential, p v is 
the surface charge density, and NJ and N~ are concentrations of ionized donors 
and acceptors. 60 

The solution to the equation set (4.27)-(4.29) makes it possible to analyze sta¬ 
tionary and transient phenomena in semiconductor devices. The main problem with 
the solution to these equations is their nonlinearity and complex dependences of 
their parameters. In many cases, some simplifications are possible. From Boltz¬ 
mann transport theory, the current densities J„ and J p can be written as functions 
of the carrier concentrations and the quasi-Fermi potentials for electrons and holes, 
<f>„ and <F p : 


/„ = — <7|4„/zV4>« , 


(4.30) 


and 


J p = -q\x p pV$> p . 


(4.31) 
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Alternatively, J n and J p can be written as functions of 'I', n, and p, consisting of 
drift and diffusion components: 

J n —q\i n E e + q D n V n, (4.32) 

and 

Jp = q\i p E h - qD p Vp, (4.33) 


where D n and D p arc the electron and hole diffusion coefficients. 

If the effects of bandgap narrowing arc neglected and Boltzmann carrier statis¬ 
tics are assumed, then 


E„ — E„ — E = — V4T 


(4.34) 


The steady-state behavior of ID devices can be described by the set of five 
differential equations with suitable boundary conditions: two transport equations 
for electrons and holes, two continuity equations for electrons and holes, and the 
Poisson equation, which are all related to the Van Roosbroeck: 


dn //viz 

Jn = c lE>n~, - q\i n n —, 

dx dx 

dp dV 

J P — q D p — - q)± p p — , 

dx dx 


current transport for electrons; 
current transport for holes; 


1 d Jn 

-b (G — R) = 0, continuity equation for electrons; 

q dx 


1 dJ p 
q dx 
d 2 vp 

dx 2 


(G — R) = 0, continuity equation for holes; 

— —{N't — N~ + p — n ), Poisson’s equation. 60 

t Q t r a 


(4.35) 

(4.36) 

(4.37) 

(4.38) 

(4.39) 


The fundamental equations cannot be solved analytically without the approxi¬ 
mations, even for the ID steady-state case. Therefore, the numerical solutions must 
be applied. The numerical solution is composed of three steps: (1) grid generation, 
(2) discretization to transform the differential equations into the linear algebraic 
equations, and (3) the solution. The Newton direct method is usually used to solve 
the matrix equation. 62 Other methods are also used to improve the convergence 
speed and reduce the number of iterations. 63 

Since experiments with complex device structures arc complicated, costly, 
and time consuming, numerical simulations have become a critical tool to de¬ 
velop advanced detectors. 64 Some laboratories have developed suitable software; 
for example, Stanford University, USA; Military Technical University, Poland; 65 
Honyang University, Korea; 63 and others. Commercial simulators are available 
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from several sources, including: Medici (Technology Modeling Associates), Semi- 
cad (Dawn Technologies), Atlas/Blaze/Luminouse (Silvaco International, Inc.), 
APSYS (Crosslight Software, Inc.), and others. APSYS, for example, is a full 
2D/3D simulator that solves not only the Poisson’s equation and the current 
continuity equations (including such features as field dependent mobilities and 
avalanche multiplication), but also the scalar wave equation for photonic waveguid- 
ing devices (such as waveguide photodetectors) and heat transfer equations with 
flexible thermal boundary conditions and arbitrary temperature-dependent para¬ 
meters. 

Although existing simulators still do not fully account for all semiconductor 
properties important for high-temperature photodetectors, they are already invalu¬ 
able tools for analysis and development of improved IR photodetectors. In addition 
to device simulators, process simulators arc being developed that facilitate the de¬ 
velopment of advanced device growth technologies. 66,67 
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Hgi_*Cd*Te Photoconductors 


The first results on photoconductivity in Hgi_ A Cd A Te were reported by Lawson 
et at. in 1959. 1 Ten years later, in 1969, Bartlett et al. reported background limited 
performance of photoconductors operated at 77 K in the 8-14-pm LWIR spectral 
region. 2 The advances in material preparation and detector technology have led to 
devices approaching the theoretical limits of responsivity over wide ranges of tem¬ 
perature and background (see Refs. 3-6). The simple n-type Hgi_ A Cd A Te photo¬ 
conductor is a mature product that has been in production for over 10 years. The 
largest market was for 60-, 120-, and 180-element units in the “common module” 
military thermal imaging viewers. Photoconductivity was the most common mode 
of operation of 3-5-um and 8-14-pm Hgi_ A Cd A Te photodetectors for many years. 

In 1974, Elliott reported a major advance in IR detectors in which the detec¬ 
tion, time delay, and integration functions in serial scan thermal imaging systems 
were performed within a simple three-lead filament photoconductor, known by the 
acronym SPRITE (Signal PRocessing In The Element). 7 

The further development of photoconductors is connected with the elimination 
of the deleterious effect of sweep-out 8 ' 9 by the application of accumulated 10-12 
or heterojunction 13 ' 14 contacts. Heterojuction passivation has been used to im¬ 
prove stability. 15 - 16 The operation of 8-14-pm photodetectors has been extended 
to ambient temperatures. 17-20 The means applied to improve the performance of 
photoconductors operated without cryogenic cooling include the optimized p-type 
doping, the use of optical immersion and optical resonant cavities. Elliott and other 
British scientists introduced Auger-suppressed excluded photoconductors. 21 ’ 22 

The research activity on photoconductors has been significantly reduced in the 
last decade on reflecting maturity of the devices. At the same time, Hgi_ x Cd A Te 
photodetectors are still manufactured in large quantities and used in many impor¬ 
tant applications. 

5.1 Simplified Model of Equilibrium Mode Photoconductors 

The physics and principle of operation of IR photoconductors are summarized in 
review papers. 7 ' 23 ' 24 This section will discuss primarily the specific features of the 
photoconductors operating at near room temperatures. 



100 


Chapter 5 


hv 



A typical photoconductor is a flake of the narrow gap Hgi_ x Cd t Tc, rectangu¬ 
lar in shape, and supplied with two electric contacts (see Fig. 5.1). Typically, the 
front and backside surfaces are covered with passivation coating. An antireflec¬ 
tion (AR) coating is also frequently used. The detector resistance is usually low 
(10-300 £2). At present more complex devices structures are frequently used with 
heterojunction passivation and heterojunction contacts. 15 

The full analysis of the device can be performed by solving continuity equa¬ 
tions with suitable boundary conditions. Analytical solutions exist for homoge¬ 
neous semiconductors, 23 assuming ohmic contacts and near-equilibrium operation. 
Even in this case, the expressions are quite complicated. 

Here we deliver a simplified approach that describes the properties of photocon¬ 
ductors operating at near room temperatures in which the photoconductor can be 
described in terms of quantum efficiency, current gain, generation-recombination 
noise, Johnson-Nyquist noise, and low frequency noise. Since electron mobility is 
much larger than the hole mobility, the photoconductivity is mainly due to elec¬ 
trons. The photoconductivity gain is the ratio of effective carrier lifetime, r e /, to 
the electron transit time, x t , that is time of electron drift between electrodes: 


T e / _ T e f _ FT e/ p. e 
T t l/[l e E 1 2 


The current responsivity is 


Ri = ~rmg = 

he 


Aq qVr e f\x e 
he l 2 


The voltage responsivity is 


R v = RjR = 


Aq q V T ef \x e 
he / 2 


R, 


(5.1) 


(5.2) 


(5.3) 


where R is the device resistance. 
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When effective lifetime is larger than the electron drift time, the current gain 
is larger than unity. The maximum effective lifetime is the bulk minority carrier 
lifetime. The effective lifetime can be reduced through the recombination of mi¬ 
nority carriers at surfaces, interfaces, and contacts. Drift of minority carriers out 
of the active region to the contact where they recombine is another reason for re¬ 
duction of effective lifetime (sweep-out effect). 8 ' 9 The sweep-out effect becomes 
significant when the ambipolar drift time becomes comparable or shorter than the 
bulk lifetime. This readily occurs for high bias voltages, short devices, and long 
bulk lifetimes. The photoconductivity gain versus the applied voltage saturates at 
the level of the ratio of ambipolar transit time averaged within the active area to the 
electron transit time. The maximum gain g max = \i e /2\i p (~ 50) can be achieved 
in n-type Hgi_ x Cd x Te. 

The sweep out effect is more pronounced for p-type material due to a high 
ambipolar mobility where maximum gains are smaller than \\. e /2\x. p . The positive 
feature of sweep-out is an improvement of the high-frequency characteristics due 
to decreasing effective lifetime. 

The total noise voltage of a photoconductor is 

Vn=VGR+V}+Vf/f (5.4) 

The generation-recombination noise voltage for equilibrium conditions is 

V% R = 2(G + R)lwt(Rqg) 2 Af, (5.5) 

where G and R are the volume generation and recombination rates, and Iwt is the 
volume of detector. 

The Johnson-Nyquist thermal noise voltage is 

Vj — 4kT RAf. (5.6) 

The low frequency noise voltage can be described by the Hooge’s expression 

v ? /f = ct H ^ A f, (5.7) 

where a# is the Hooge’s constant and N is the number of charge carriers. Fre¬ 
quently, the low frequency is characterized by the 1// noise knee frequency f\ // 

Vi/f = VG R ^r- ( 5 - 8 ) 

The value of the Hooge constant and f\/f is usually considered the technology- 
related property of the device. There are, however, quantum 1 // noise theories 
describing the 1 // noise as the fundamental material property. 24 Hooge’s constant 
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in the range 5 x 10“ 3 to 3.4 x 10 5 have been measured frequently below the lower 
limit calculated according to existing theories. 25 

At high frequencies the low frequency noise can be neglected and detectivity is 
determined by the generation-recombination noise and Johnson noise. The cxr/rij 
has been found as material figure of merit for photoconductors, which actually is 
the a/ G figure of merit. 26 

5.1.1 High-frequency operation of photoconductors 

The photoconductivity gain remains constant for frequencies smaller than cut¬ 
off frequency f co — 1 /2nx e j. At higher frequencies, photoconductivity gain de¬ 
creases: 


gif) = 


Vx e f\l e 

r- 




(5.9) 


As a result, the current and voltage responsivities, and generation-recombination 
noise voltages decrease with frequency in the similar way (see Fig. 5.2). The noise 
versus the frequency curve shows three characteristic regions: (1) 1 // noise region 
at frequencies below 1// knee with ~ f~ 1 ^ 2 slope, (2) white noise generation- 
recombination (G-R) region, and (3) white noise Johnson-Nyquist region. This 
results in corresponding regions on D*-f characteristics. Initially, the detectiv¬ 
ity increases with a slope of / 1 ' 2 achieving the generation-recombination limit 
at frequencies above the 1 // frequency knee, which remains constant until G-R 
noise dominates over thermal noise and falls down with 1 // slope in the Johnson- 
Nyquist thermal noise region. It is worth noting that the cutoff frequency for detec - 



Figure 5.2 Dependences of photoconductor parameters on frequency. Parameters: 
x = 0.17, N a = 1 x 10 17 cm -3 , T = 220 K, A = 12 pm, V = 0.4 V, size 50 x 50 pm, and 
fi/f = 10 kHz. 
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tivity is larger than the cutoff frequency for photoconductivity gain. This is because 
the transition from G-R region occurs at frequencies larger than cutoff frequency 
for the photoconductivity gain. 

5.1.2 10.6-pm Hgi-^CdjTe photoconductor operating at 200-300 K 

Let us consider the specific example of a 10.6-pm Hgi_ A Cd A Te photoconductors 
operated at 200-300 K. 17,26 In this case, the generation and recombination rates 
arc govern by the Auger processes. This is an example of a device whose per¬ 
formance is well described by the simple model. Typically, diffusion length and 
ambipolar drift length arc shorter than the length of the device (for device lengths 
of 50 pm or more). 

Figure 5.3 shows calculated performance of uncooled 10.6-pm Hgi_ x Cd A Te 
photoconductors as a function of doping. 17 In calculations, the bias power density 
P/A — 1 W/nim 2 was assumed not to significantly increase the temperature of the 
active element. This is attainable only in well-designed heat dissipation devices. 

The calculations show clear advantage to fabricate this type of photoconduc¬ 
tor from p-type materials. The resistance, recombination time, voltage responsiv- 
ity, and detectivity increases with a light p-type doping compared to the intrinsic 
material peaking at various levels of p-type doping and decreasing again with fur¬ 
ther doping. The increase of resistance is due to reduced concentration of mo¬ 
bile electrons. Resistance achieves its maximum at the highest level of doping 
N a * 10«i » (pe/p h) 1/2 n i as the result of a high p e /p/, ratio (~ 100). 

The increase of voltage responsivity is due to increased recombination time, 
absoiption coefficient, and resistance, peaking at z = p/ >ii ~ 3. Further doping re- 
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Figure 5.3 Properties of uncooled 10.6-pm photoconductors as a function of doping. 
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Figure 5.4 Detectivity of uncooled 10.6-|im photoconductors as a function of bias power 
density. 

duces the voltage responsivity mostly because of the reduction of lifetime. Detec¬ 
tivity is peaking at somewhat lower doping compared to the voltage responsivity. 
This is due to the increase of the A7 generation and recombination rate with the 
increase of doping above the minimum generation and recombination rate doping 
level. 

Figure 5.4 illustrates the influence of bias power density on the normalized 
detectivity. 17 The detectivity increases with bias at low fields when the Johnson- 
Nyquist thermal noise remains significant. For low bias, the optimum thickness 
is smaller than for large bias. In this case, the loss of photons due to week ab¬ 
sorption is compensated by the reduction of noise. At a high bias, the detectivity 
achieves the generation-recombination noise limit. In this case, the optimum thick¬ 
ness is 1.26/a as follows from the general consideration in Chapter 2. Very good 
bias power dissipation is required to achieve this maximum performance. This may 
be difficult to realize in practice, however. It should be also noted that the optimum 
composition, doping, and detector thickness depend upon the bias power density. 

Calculations show that the detectivity exceeding 1.6 x 10 8 cm Hz l/2 /W can be 
achieved in optimized devices with 1 W/mrn 2 bias power dissipation. In this case, 
the G-R noise limit of performance is 25% higher. Therefore, uncooled long wave¬ 
length photoconductors cannot readily achieve their generation-recombination lim¬ 
its due to heat dissipation constrains. A possible exception is a very small size de¬ 
vice (< 10 x 10 pm) where efficient 3D heat dissipation occurs. The strong bias 
may result in a high 1 // noise, however. 

As Fig. 5.5 shows, the performance of 10.6-pm photoconductors can be sig¬ 
nificantly improved by a moderate cooling, which can be conveniently done with 
one- or several-stage thermoelectric (TE) coolers. 17 Due to increased photoelec¬ 
tric gain, the generation-recombination limit of performance is readily achievable 
in TE cooled A ~ 10 pm photoconductors. At 200 K, the calculated detectivity is 
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Figure 5.5 Detectivity of 10.6-|rm photoconductors as a function of composition, tempera¬ 
ture, and doping. The measured values are indicated by the vertical lines. 

~ 2 x 10 9 cm H/'^/W. However, the improvement of performance is accompa¬ 
nied by an increase in response time as the result of increasing lifetime of charge 
carriers. 

A careful selection of composition is required for the best performance at a 
specified temperature. For example, the 10.6-pm devices with optimum composi¬ 
tion for 200 K operation arc practically not sensitive at 10.6 pm when operated at 
a temperature of 300 K. 

It should be noted that the bias requirements for operation of the LWIR pho¬ 
toconductors results in a significant heat load. This prevents practical use of pho¬ 
toconductors that are large area devices (single element or arrays) with or without 
TE cooling. 

Numerous papers have reported detailed analyses of specific examples of low- 
temperature 8-14-pm and 3-5-pm devices. 3-6 - 24, 25 - 27-33 It has been well estab¬ 
lished that the generation-recombination processes in high-quality n-type devices 
arc dominated by the A1 mechanism. Background radiation has a decisive influ¬ 
ence on performance since the concentration of both majority and minority carriers 
in 80 K 8-14-pm devices and the concentration of minority carriers in 3-5-pm de¬ 
vices are typically determined by background flux. 

While cooling and/or reduction of the cut-off wavelength effectively increases 
the fundamental limits of performance, these processes also makes the device more 
vulnerable to nonfundamental limitations. This is the reason why, in contrast to 
near room temperatures LWIR photoconductors, the SWIR, MWIR, and LWIR 
devices operated around 80 K are typically based on n-type Hgi_ x Cd x Te. Good 
reproducibility of low-level (~ 10 14 cm -3 ) doping, which is required for the best 
performance at low temperatures is possibly the most important advantage of n- 
type material. The low hole diffusion coefficient makes n-type devices less vulner- 
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able to contact and surface recombination. N-type materials also exhibit a lower 
concentration of Shockley-Read centers. In addition, with n-type materials, good 
methods of surface passivation are available. 

The length of the photoconductors being used in high-resolution thermal imag¬ 
ing systems (~ 50 pm) is typically less than the minority carrier diffusion and 
minority carrier drift length in cooled Hg|_ x Cd x Te, which causes a pronounced 
sweep out effect. 25 Sweep-out has been recognized as a major limitation to the 
8-14-pm photoconductor performance when they are short and operated at low 
temperatures with low background radiation. The influence of sweep-out is even 
stronger for shorter wavelength devices. For A co < 5 pm photoconductors with low 
G-R rates, these effects become significant at low and elevated temperatures, even 
for relatively long devices, making Johnson-Nyquist/sweep-out’s devices limited. 

Various approaches to reduce the undesirable sweep-out effects have been sug¬ 
gested. The n + -n contact can be used to isolate regions containing minority holes 
from high recombination rate regions. 10-13 Due to degeneracy in the n + region 
the potential barrier to holes is much larger than the simple Boltzmann factor 
( kT/q) In (n/n 0 ). The effective recombination velocity at the blocking contact be¬ 
low 100 cm/s can be achieved. For this, the electron concentration must be degen¬ 
erate within the distance of 1 pm or less. 

The carrier sweep-out also can be virtually eliminated with a heterojunction 
contact photoconductor. 13 ' 14,31 > 32 The heterojunction contacts allow more heavily 
doped material to be used to make good photoconductors. Rigorous treatment of 
the blocking contact or heterojunction contact photoconductors is possible only 
numerically since the concentrations of both the minority and majority carriers in 
blocking or heterojunction contact fall below their equilibrium values. 34 

The accumulation at surfaces for reflection of minority carriers is equally ap¬ 
plicable to reducing the recombination at the active and backside surface of pho¬ 
toconductors. Excessive accumulation, on the other hand, can lead to a large shunt 
conductance, which also can degrade detectivity. 35 Fleterojunction passivation with 
lightly doped widegap material seems to be more useful. 15 ' 30 

5.2 Excluded Photoconductors 

The excluded photoconductor was proposed for the first time by Elliott and other 
English workers, and it was the first demonstrated as a practical non-equilibrium 
device. 7 ' 21,22,36,37 The principle of operation excluding the contact photoconduc¬ 
tor is shown in Fig. 5.6. The positively biased contact is a highly doped or wide¬ 
gap material while the photosensitive area is a near-intrinsic n-type material. Such 
a contact does not inject minority carriers, but it permits the majority electrons 
to flow out of the device. As a result, the hole concentration in the vicinity of 
the contact is decreased and the electron concentration also fails to maintain elec- 
troneutrality in the region. Consequently, the Auger generation and recombination 
processes become suppressed in the excluded zone. The device must be longer than 
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(a) 



Figure 5.6 (a) Schematic of an excluded contact photoconductor structure; (b) energy lev¬ 
els diagram. (Reprinted from Ref. 7 with permission from Elsevier.) 

the exclusion length to avoid the effect of carrier accumulation at the negative bias 
contact. The excluded zone can be used as the active region of the device. 

The accurate analysis of nonequilibrium devices can be done only with the 
numerical solution of the full continuity equation for electrons and holes. 38-41 The 
usual approximations break down in the case of non-equilibrium mode of operation 
due to large departures from the equilibrium. 

Figure 5.7 shows an example of the calculated carrier distribution across an 
n + -~v excluded device. 40 At high bias current density, the concentrations of elec¬ 
trons and holes in the exclusion region fall from the equilibrium near-intrinsic 
values to much lower ones. The concentration of electrons achieves its extrin¬ 
sic value while the hole concentration is even lower. The length of the excluded 
region depends on the bias current density, bandgap. temperature, and other fac¬ 
tors. Lengths higher than 100 qm have been observed experimentally for MWIR 
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Figure 5.7 (a) Calculated electron and hole concentration, and (b) energy levels. 
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devices. 37 A threshold current is required to counter the back diffusion current be¬ 
tween unexcluded and excluded regions. Thereafter, the resistance rises rapidly as 
the length of the excluded region increases. As a result, the current-voltage charac¬ 
teristic exhibits saturation for above-threshold currents. 

Assuming that the Auger generation is reduced below that of other residual 
processes, and under some simplifications, analytic expressions have been derived 
for 


• The critical field, where exclusion terminates: 


/kT G \ 1/2 
V <7 r\i p Nd) 


(5.10) 


• The length of the exclusion zone: 


dp J 
]x„qG 


( DnVpNd y /2 

V ryi n G ) 


and 


• The threshold bias current J a : 


Jo = q 


DnV^GNd \ 1/2 
rV-p ) 


(5.11) 


(5.12) 


where r is some small fraction found by numerical calculations over a wide range 
of conditions of doping, temperature, and bias to be 0.012 ± 0.002, and G is the 
residual generation rate in the exclusion zone. 22 ’ 42 It should be noted that the 
length of exclusion zone might exceed the diffusion length. 

The exclusion in p + -7t structures can be modeled in a similar manner. But, there 
are two important differences. First, due to low hole mobility, the majority carriers 
no longer determine the current flow. Second, heavily doped p + -contacts exhibit 
large G-R velocity. This can be solved by using a p-type heterojunction contact 
with increased bandgap. 

The practical realization of nonequilibrium devices depends on several impor¬ 
tant limitations. The electric field in an excluded region must be sufficiently low 
to avoid heating a device as a whole and electrons above the lattice temperature. 
The heating of the structure can be prevented by a proper heat sink design, and it 
seems not to be a serious limitation—at least for a single element and low-area de¬ 
vices. Electron heating sets a maximum field that has been estimated as 1000 V/cm 
in materials for uncooled 5-pm devices and a few hundred V/cm in materials for 
~ 10-pm devices operated at 180 K. Electron heating is not an important constraint 
in the 3-5-pm band, but it seems to restrict the usefulness of exclusion at 10.6 pm 
and longer wavelengths in the 8-14-pm band. Very low doping (< 10 14 cm -3 ) 
is required for effective exclusion; however, the values 3 x 10 14 cm” 3 are typical 
in industry. Exclusion may be inhibited by any non-Auger generation such as the 
Shockley-Read or surface generation. A large electrical field may result in flicker 


noise. 
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5.3 Practical Photoconductors 

5.3.1 Technology of Hgi_ x Cd A Te photoconductors 

Photoconductors can be prepared either from Hgi_ A Cd A Tc bulk crystals or epilay- 
ers. Figure 5.8 shows two typical structures of photoconductors. 43 The main part 
of all structures is a 3-20-pm flake of Hgi_ A Cd A Tc supplied with electrodes. The 
optimum thickness of the active elements (a few pm) depends upon the wavelength 
and temperature of operation and is smaller in uncooled long-wavelength devices. 
The front-side surfaces of both structures arc usually covered with a passivation 
layer and AR coating. The backside surface of the device is also passivated. In 
contrast, the backside surface of the epitaxial layer grown on the CdZnTe substrate 
does not require any passivation since the increasing bandgap prevents the reflec¬ 
tion of minority carriers. The devices are bonded to heat-conductive substrates. 

To increase the absorption of radiation, the detectors are frequently supplied 
with a gold back reflector 17,24 and insulated from the photoconductor with a ZnS 
layer or substrate. The thickness of the semiconductor and the two dielectric layers 
are frequently selected to establish optical resonant cavities with standing waves in 
the structure, with peaks at the front and nodes at the back surfaces. For effective 
interference, the two surfaces must be sufficiently flat. 

Numerous fabrication procedures are being used by various manufactu¬ 
rers. 17, 24,28,43 ^ 5 Technological methods of modern microelectronics arc used in 
Hgi_ A Cd A Tc photoconductor manufacturing; however, extreme care is necessary 
to prevent any mechanical and thermal damage of the material. Fabrication usu¬ 
ally starts by selecting the starting materials, which are Hgi_ A Cd A Te wafers or 




Figure 5.8 Structure of photoconductors based on (a) bulk, and (b) epilayer Hg^Cd^Te. 
The devices are supplied with a back reflector. 
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epilayers. The typical selection parameters are composition, doping, and minority 
lifetime mapping. 

The key processing steps for manufacturing Hgi_ x Cd x Te photoconductors 
from bulk Hgi_ x Cd x Te include: 

1. Preparation of the backside surface of the Hgi_ x Cd A Te wafer. This proce¬ 
dure involves careful polishing of one side of the Hgi_ x Cd x Te slab with 
fine (0.3-1 pm) alumina powder, cleaning in organic solvents followed by 
etching in 1-10% bromine in methanol solution for several minutes, and 
washing in methanol. Alternatively, various chemical-mechanical polishing 
procedures can be used. The backside preparation is completed with passi¬ 
vation, which differs for n- and p-type materials. 

2. Bonding to a substrate. The most common substrates for bulk-type photo¬ 
conductors are sapphire, Ge, Irtran 2, Si, and alumina ceramics. Epoxy resin 
is generally used to bond Hgi_ x Cd x Te wafers to substrates. The thickness 
of the epoxy layer should be kept below 1 pm for good heat dissipation. 

3. Thinning the slab to its final thickness and preparation of the front-side sur¬ 
face. This is done by lapping, polishing, and etching, and then by surface 
passivation and application of an antireflection coating (usually ZnS). The 
individual elements arc then delineated with wet or dry etching using pho¬ 
tolithography. Often side walls of active elements are also passivated. 

4. Electric contact preparation. Vacuum evaporation, sputtering, electroplat¬ 
ing, and galvanic or chemical metallization after further photolithography is 
used. External contacts are supplied by gold wire ultrasonic bonding, con¬ 
ductive epoxy bonding or by soldering with indium. Expanded contact pads 
arc sometimes used to prevent damage of the semiconductor. 

The preparation of a photoconductor from epilayers is more straightforward 
because no laborious thinning to a very low thickness and no backside prepa¬ 
ration is required. The use of ISOVPE, 17 ' 46 LPE, 47-50 MOCVD, 18-20 - 51-54 and 
MBE 55 photoconductors have been reported. CdZnTe, which is typically used for 
substrates, has relatively poor thermal conductivity. Therefore, for the best heat 
dissipation, the substrates must be thinned below 30 pm and the photoconductors 
must be fixed to a good heat-sinking support. The heat dissipation is much easier in 
small-sized devices (< 50 x 50 pm 2 ) in which 3D dissipation is significant and no 
thinning of substrates is necessary. Another solution is to use epilayers deposited 
on good heat-conducting materials such as sapphire. Si, and GaAs. 

Low-temperature epitaxial techniques make it possible to grow complex mul¬ 
tilayer photoconductor structures that can be used as multicolor devices or devices 
with a shaped spectral response. 18 - 54 

Passivation is one of the most critical steps in the preparation of photoconduc¬ 
tors. The passivation must seal the semiconductor, stabilizing it chemically, and of¬ 
ten it also acts as an antireflection coating. An excellent review of Hgi_ x Cd x Te na¬ 
tive and deposited insulator layers has been published by Nemirovsky and Bahir. 56 
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Passivation of n-type materials is commonly performed with the use of anodic ox¬ 
idation in 0.1 N KOH in a 90% water solution of ethyl glycol. 57-59 Typically, 100- 
nm-thick oxide layers are grown. Good interface properties of the n-Hgi_ x Cd x Te- 
oxide interface are due to the accumulation (10 n -10 12 electrons per cm -2 ) of the 
semiconductor surface during oxidation. Passivation by pure chemical oxidation 
in an aqueous solution of K 3 Fe(CN )6 and of KOH is also used. 60 Dry methods 
of native oxide growing have been attempted, such as plasma 61 and photochem¬ 
ical oxidation. 62 Passivation can be improved by overcoating with ZnS or SiO A 
layers. 63 Another approach to passivation is based on the direct accumulation of 
the surface to repel minority holes by a shallow ion milling. 64,65 

Passivation of p-type materials is of strategic importance for near room tem¬ 
perature devices based on p-type absorbers. But passivation still presents practical 
difficulties. Oxidation is not useful for p-type Hgj _ x Cd x Te because it causes inver¬ 
sion of the surface. In practice, sputtered or electron-beam evaporated ZnS, with 
the option of a second layer coating, 66 is usually used for passivation of p-type 
materials. Native sulfides 67 and fluorides 68 also have been proposed. 

The use of CdTe for passivation is very promising since it has high resistivity, 
is lattice matched, and is chemically compatible to Hgi_ x Cd x Te. 69-71 Excellent 
passivation can be obtained with a graded CdTe-Hg i _ A Cd A Tc interface. 66 Banders 
can be found in both the conduction and valence band. The best heterojunction 
passivation can be obtained during epitaxial growth. 72 Directly grown in situ CdTe 
layers lead to a low fixed-interface charge. The indirectly grown CdTe passivation 
layers arc not as good as directly grown layers, but are acceptable in some applica¬ 
tions. A low thickness (10 nm) of CdTe is recommended in some papers to prevent 
Hgi_ x Cd x Te lattice stress. 55 

Contact preparation is another critical step. Evaporated In has been used for a 
long time for contact metallization to n-type material. 24,45 Multilayer metalliza¬ 
tion, Cr-Au, Ti-Au, and Mo-Au are used more frequently at present. Metallization 
is often preceded by a suitable surface treatment. Ion milling was found very use¬ 
ful to accumulate n-type surfaces, and it seems to be the most preferable surface 
treatment prior to metallization of n-type material. Chemical and dry etch arc also 
used. Preparation of good contacts to p-type material is more difficult. Evaporated, 
sputtered, or electroless deposited Au and Cr-Au arc the most frequently used for 
contacts to p-type materials. 

5.3.1.1 Practical excluded photoconductors 

Practical excluded Hgi_ x Cd x Te photoconductors have been reported by English 
workers. 42 In contrast to the equilibrium mode photoconductors that are usually 
based on extrinsically p-type doped material, the excluded devices are fabricated 
from very low-concentration n-type bulk Hgi_ x Cd x Te, with the n + regions formed 
by ion milling or degenerate extrinsic doping. The device is schematically shown in 
Fig. 5.9. The device is longer than the required detector length to avoid the effect of 
carrier accumulation at the negative contact. The optically sensitive area is defined 
by means of an opaque mask, and a side-arm potential probe is used for a readout 
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Figure 5.9 Schematic of excluded Hgi_ A Cd. v Te photoconductor. (Reprinted from Ref. 37 
with permission from IOR) 


contact. This limits the size of the active area to the highly depleted region, which 
prevents thermal generation in the nondepleted part and at the negative contact 
from contributing to the noise measured at the readout electrode. ZnS is used for 
passivation because the usual native oxide passivation produces an accumulated 
surface, which shunts the excluded region. 

5.3.1.2 Optically immersed photoconductors 

There are several approaches to fabrication of optically immersed photodetectors. 
In the conventional hybrid approach, the sensitive elements of photoconductors are 
cemented with a transparent glue to a prepared lens. For the best result, the immer¬ 
sion lens materials should have a high refraction coefficient and low absorption at 
the wavelengths of interest. Reflection losses can be prevented by using a suitable 
antireflection lens coating. Germanium (n = 4) is typically used for immersion 
lenses that can operate both in the 3-5-pm and 8-14-pm bands. 73 Silicon, which 
is cheap and stable due to its lower refraction coefficient (n ~ 3.3), can be used for 
hyperhemispherical lenses in the 3-5-pm band. 74 The fastest optical system with 
a Si hyperhemispherical lens is //2.2. The main problem with the conventional 
approach is developing cement that has suitable optical and mechanical properties. 
It should be transparent in the required spectral band and it must provide a me¬ 
chanically stable contact. The refractive coefficient of the cement must be close to 
that of one of the lenses to prevent refraction losses and to avoid the limitation of a 
detector acceptance angle. It is not easy to select cement that simultaneously satis¬ 
fies all these requirements. The use of organic glues has proved to be only partially 
successful. 

Hgi_ x Cd t Tc photoconductors coupled with Si lenses through optical contact 
rather than by mechanical contact have been reported. 74 The detector was glued to 
the lens, leaving a small (0.2-0.5 pm) gap. Since the gap thickness is significantly 
less than one wavelength, optical tunneling is possible. The detectors exhibited 
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Substrate 



Figure 5.10 Structure of an advanced monolithic optically immersed photoconductor. The 
active element is supplied with a gold back reflector. 

good mechanical stability, and they also achieved a gain that was approximately 
20% lower than theoretically possible due to losses in reflection and tunneling. 
A promising approach is to form lenses from substrates of epilayers. 

Monolithic optically immersed photodetectors with lenses formed directly 
from the transparent CdZnTe (n = 2.7) substrate of the Hgi_ Y Cd A Te layer 
(Fig. 5.10) have been reported. 17 - 75 The relatively low refraction coefficient of 
CdZnTe makes the expected gain lower than Ge, but hyperhemispherical CdZnTe 
immersion lenses can be used in relatively fast optics, achieving an approximately 
7-fold increase in detectivity and an approximately 50-fold decrease in bias power 
dissipation. The monolithic approach permits simple and economical manufactur¬ 
ing. These devices arc rugged and mechanically stable, and they also can operate in 
a very broad spectral band with minimal reflection and absoiption losses. A similar 
approach has been used for Hgi_ t Cd v Tc epilayers deposited on higher refraction 
coefficient substrates (e.g., GaAs). 18 

The use of the one-lens immersion technology is limited to the fabrication of 
single-element detectors or arrays of relatively small size because the lens must be 
larger than the apparent size of the detector to prevent excessive optical distortion 
of the image. This limitation can be overcome by using arrays of microlenses with 
one lens for each detector. The integrated detector-microlens array seems to be 
extremely promising for future high-quality and lightweight thermal imagers based 
on near room temperature photodetectors. Practical HgCdTe detector arrays with 
Si microlenses prepared by the use of photolithography have been reported. 76 In 
contrast to Si, the use of CdZnTe lenses offers a better match to HgCdTe and perfect 
transparency in a very wide spectral band (1-30 pm). The combination of dry ion 
milling etch and wet chemical etch has been used at Vigo System S.A. to fabricate 
2D arrays of immersion microlenses (see Fig. 5.11). 77 
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(b) 


Figure 5.11 SEM images of the microlens array: (a) top, and (b) tilted side view. The size 
of the individual lens is 50 x 50 pm. 


5.3.1.3 Detector housing 

The sensitive elements are housed in various packages depending on their operat¬ 
ing temperature, designation, and other factors (Fig. 5.12). Ambient temperature 
detectors, if properly passivated, can operate in an atmospheric ambient, and no 
window is required. Sealed housings are necessary for cooled devices to prevent 
water vapor condensation, deposition, and surface contamination. Dry nitrogen, 
argon, or Kr-Xe mixtures (which have higher thermal conductivity) are frequently 
used for two- and one-stage thermoelectric coolers. Devices cooled with three- 
stage coolers are often housed in packages filled with dry Xe, which is both an 
inert and a low thermal conductivity gas. The < 200 K temperature devices arc 
typically operated in a vacuum. TE-cooled devices arc typically supplied with a 
temperature sensor (thermistor or Si diode) to control the detector temperature. 

Special packages are designed to minimize parasitic impedances since the 
ambient-temperature photoconductors arc capable of high-frequency operation 
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(a) (b) (c) 


Figure 5.12 Optically immersed MWIR and LWIR Hgi_ v Cd. v Te photodetectors: 
(a) large-area ambient temperature photoconductor; (b) ambient-temperature photoconduc¬ 
tor; (c) Peltier-cooled photoconductor and photovoltaic detector. (Reprinted with permission 
from a Vigo System S.A. data sheet, 2000.) 


with typical bandwidths of ~ 200 MHz, achieving ~ 1 GHz in high-frequency 
optimized devices. 

5.3.2 Measured performance 

One-element, quadrant, and array devices with element sizes ranging from 0.02 x 
0.02 mm 2 to 10 x 10 mm 2 are being manufactured. Large arrays with the number 
of elements exceeding 1000 have been reported. 78 Multispectral single elements 
and arrays also have been developed. 79 The operability of array elements is fre¬ 
quently 100%. 

5.3.2.1 Near room temperature devices 

The measured detectivities of photoconductors operating at ambient tempera¬ 
ture or at temperatures achievable with thermoelectric coolers (200-250 K) are 
shown in Fig. 5.13. These devices have been fabricated from ISOVPE epilay- 
ers, in situ doped with foreign impurities. Recently the performance of these de¬ 
vices has been significantly improved due to careful optimization of the composi¬ 
tional and doping profile, the use of metal-back reflectors, better surfaces, and con¬ 
tacts processing. 18-20 The highest measured detectivity of an uncooled and nonim- 
mersed 10.6-pm photoconductor was approximately 7.5 x 10 7 cm Hz l72 /W at high 
frequency (0.1-100 MHz), which is a factor of ~ 2 below the theoretical limit. 

The present high-temperature photoconductors have relatively poor low- 
frequency properties. Typically, the 1// knee frequencies of 10 kHz have been 
observed in uncooled 10.6-pm detectors at electrical fields of ~ 40 V/cm (typical 
large-sized Vigo R005 photoconductors). The Hooge’s constant of approximately 
~ 10 -4 has been deduced from the low field measurements. The rapid, nonlin¬ 
ear increase of Hooge’s constant has been observed for stronger electric fields. 
Therefore, 1 // noise is an issue in near room temperature photoconductors. This 
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(a) 


(b) 


Figure 5.13 Spectral detectivities of optically immersed Hgi_ v Cd. v Te photoconductors: 
(a) uncooled, and (b) cooled with two-stage Peltier coolers. Recently, the operation of 
two-stage cooled photodetectors manufactured at Vigo System S.A. has been extended to 
ss 16 pm with detectivities of« 2 x 10 9 cm Hz 1/,2 /W at 12 pm. 78 (Reprinted with permission 
from a Vigo System S.A. data sheet, 2000.) 


is especially problematic for uncooled devices, which would require high bias¬ 
ing 100 V/cm) to approach the generation-recombination performance limit. 
Cooling to ~ 200 K reduces the Hooge’s constant by a factor of ~ 2, which in con¬ 
junction with much lower electrical field requirements makes it possible to achieve 
the G-R limited operation at frequencies of ~ 1000 Hz and higher. Proportionality 
between G-R and 1// noise in x = 0.2 Hgi_ A Cd A Tc photoconductors has been 
observed in a wide temperature range (77-250 K). 80 

The reason for poor low-frequency performance is not fully understood at 
present; inadequate surface passivation and contact technology is usually blamed. 
No single theory can explain qualitatively the observed low frequency noise. 25 

Optically immersed uncooled and TE-cooled 3-5-pm and 8-12-pm photo¬ 
conductors have been reported. 17_2 °- 75 These devices and their spectral detec¬ 
tivities are shown in Fig. 5.13. Significant improvement can be seen in compar¬ 
ison to the non-immersed photodetectors. The devices are especially suitable for 
high-frequency operation due to a short lifetime, an absorber resistance close to 
50 ohms, negligible series resistance, and very low capacitance. Measurements us¬ 
ing free-electron lasers revealed response times of ~ 0.6 ns and ~ 4 ns at 300 K 
and 230 K, respectively, for detectivity-optimized 10.6-pm devices. A shorter re¬ 
sponse of ~ 0.3 ns was observed in specially designed devices of small physical 
size (~ 10 x 10 pm 2 or less) and heavier p-type doping. 

The gain-bandwidth product exceeding 1 GHz has been measured in two-stage 
Peltier cooled 100 x 100 pm apparent optical area device, optically immersed to 
GaAs hyperhemispherical lens. 

It should be noted that the measured detectivity of uncooled ~ 10-pm pho¬ 
toconductors is many orders of magnitude higher than other ambient temperature 
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10.6-pm detectors with subnanosecond response time, such as photon drag detec¬ 
tors, fast thermocouples, bolometers, and pyroelectric ones. 

Uncooled two-color photoconductors with individual access to each color 
region have been reported. 54 The devices were grown with MOCVD. The 
Hgi_ x Cd x Te layers are either detectors or IR filters while CdTe layers serve as 
insulators separating various spectral regions. 

An interesting device is a two-lead devices that operate over a wide spectral 
band with performance improved by a large factor at a given short wavelength 
ranges. 18 The device consists of several stacked active regions (absorbers) with 
their outputs connected in parallel so the resulting output signal current is the sum 
of the signals generated at all active regions. Due to a high photoelectric gain in the 
wider gap absorbers and low thermal generation and recombination, the devices of¬ 
fer significantly better performance at short wavelengths while the long wavelength 
response remains essentially unaffected. An example is an uncooled photoconduc¬ 
tor operating up to 11 pm, with response at 0.9-4 pm increased by ~ 3 orders of 
magnitude in comparison to the response of conventional 11 pm device. 

5.3.2.2 Low-temperature devices 

Specific examples of 0.1 eV lightly doped n-type Hgi_ x Cd x Te at 77 K have been 
reported in numerous papers. 3-6 Devices approaching BLIP performance limits 
have been fabricated of bulk n = (2 — 5) x 10 14 cm -3 Hgo.795Cdo.205Te> passivated 
with native oxide and coated with a ZnS AR layer. 

Figure 5.14 shows the calculated and measured low-background responsivity 
and detectivity of a photoconductor as a function of temperature. The generation 
and recombination rates arc clearly dominated by the A1 mechanism. The 77 K de- 



Figure 5.14 Measured and calculated (a) responsivity, and (b) detectivity vs. temperature 
for a Hg 0 79 5 Cdo.2054e photoconductor. (Reprinted from Ref. 4 with permission from Else¬ 
vier.) 
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tectivity achieves a value of approximately 10 12 cm Hz. l/2 /W, closely approaching 
the limits predicted by theory. 

The nonequilibrium carrier concentration influencing the recombination time 
and related detector parameters arc generated by 300 K background photon flux. 6 
The density of background-generated holes, and also electrons for high fluxes, may 
dominate the thermally generated carriers and decrease the recombination time. 
This is detrimental to responsivity. The effects of background radiation tend to 
override any nonuniformities that might be present in the bulk material with re¬ 
gal'd to element resistance, responsivity, and noise. Vacuum bakeout stability has 
been checked up to 125°C with little or no change in the vital photoconductive 
parameters. 

At present commercially available 3-5-pm 80 K photoconductors also exhibit 
background-limited performance. 78 Near-BLIP performance also can be achieved 
at elevated temperatures up to approximately 200 K. 

Little attention has been given to optical immersion of 77 K photoconductors. 
Such detectors are usually BLIP-limited. Immersion offers no advantages with the 
exception of some specific cases of large-area devices that otherwise are usually 
non-BLIP, long-wavelength (with A c > 14 pm), fast-response devices. The use of 
immersion with such devices facilitates a sweep-out operation mode to extend the 
frequency response. Large-area (up to 1 cm 2 ) Hgi_ A Cd A Te photoconductors with 
Ge immersion lenses have been reported. 73 

5.3.2.3 Excluded photoconductors 

The performance of excluded MWIR photoconductors has been reported by a 
British team. 22 - 37 As Fig. 5.15 shows, the reverse bias responsivity in such a device 
exhibits a rapid rise as the bias current increases and achieves maximum, which is 
a factor of tens higher than those at the same direct bias current. The rise is due 
to increased impedance in the excluded region and to an increase in the effective 
carrier lifetime to the transit time. 

The improvement of detectivity is more modest due to high flicker noise levels 
at reverse bias. Reversing the bias direction from direct to reverse has improved 
detectivity by a factor of ~ 3. This can be related to the poor Hgi_ v Cd A Te-ZnS 
interface properties and to fluctuations in the injection rate. An uncooled 10-pm 
by 10-pm photoconductor with 4.2-pm cutoff has exhibited a 500 K blackbody 
voltage responsivity of 10 6 V/W, detectivity of 1.5 x 10 9 cmHz^/W at a modu¬ 
lation frequency of 20 kHz, and the thermal figure of merit M* (zero range, 295 K) 
of 1.5 x 10 5 cm -1 Hz 1//2 K -1 , which exceeds the performance obtained from any 
other IR detector operated with the same conditions. 

No practical 8-14-pm excluded photoconductors have been demonstrated to 
date. This can be attributed to the heating of electrons at the high electric fields 
required for exclusion. 

Large detectivity gains could be expected in the future with improvement in the 
device technology. For example, the performance of the excluded photoconductors 



Hgi_ Y Cd v Te Photoconductors 


119 



Figure 5.15 D* (500 K, 20 kHz) and responsivity (500 K) for a 10-pm square Hgi_ v Cd. v Te 
photoconductor vs. bias current, where T = 295 K, and A = 4.2 pm. (Reprinted from Ref. 37 
with permission from IOP.) 


can be improved further by the use of optical immersion and optical resonant cav¬ 
ity. In addition to improved performance due to immersion itself, the immersion 
increases the apparent size of the small near-contact regions where the exclusion is 
very effective. 

5.4 SPRITE Detectors 

The SPRITE detector was originally invented by T. C. Elliott and developed fur¬ 
ther almost exclusively by British workers. 81-86 This device has been employed in 
many imaging systems. Figure 5.16 shows the operating principle of the device. 
The device is essentially an n-type photoconductor with two bias contacts and a 
readout potential probe. The typical sizes are ~ 1 mm length, 62.5-p.m width, and 
10-um thickness. The device is constant-current biased with the bias field, E, set 
such that the ambipolar drift velocity v a , which approximates to the minority hole 
drift velocity v c i, is equal to the image scan velocity v s along the device. The length 
of the device, L, is typically close to or larger than the drift length, iy/T, where t is 
the recombination time. 

Consider now an element of the image scanned along the device. The excess 
carrier concentration in the material increases during the scan, as illustrated in 
Fig. 5.16. When the illuminated region enters the readout zone, the increased con¬ 
ductivity modulates the output contacts and provides an output signal. 

The integration time approximates the recombination time, t, for long devices. 
It becomes much longer than the dwell time t pixel on a conventional element in a 
fast-scanned serial system. Thus, a proportionally larger (t/t p i xe i) output signal is 




120 


Chapter 5 


Image scan velocity - 

Current drift velocity v d =v s 



Figure 5.16 Principle of operation of the SPRITE detector. (Reprinted from Ref. 81 with 
permission from Elsevier.) 


observed. If Johnson noise or amplifier noise dominates, it leads to a proportional 
increase in the signal-to-noise ratio (SNR) with respect to a discrete element. In the 
background-limited detector, the excess carrier concentration due to background 
flux also increases by the same factor, but corresponding noise is proportional only 
to the integrated flux. As a result, the net gain in the SNR with respect to a discrete 
element is increased by a factor of (t/t pixel) 1 ^ 2 - 
The voltage responsivity is 


A r|T El 
he nw 2 t 


1 — exp 



(5.13) 


where I is the readout zone length, and L is the drift zone length. 81 

The dominant noise is the generation-recombination noise due to fluctuations 
in the density of thermal and background-radiation generated carriers. The spectral 
density of noise at low frequencies is 
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For a long background-limited device in which L \i a E t and t| Q bt/ t 2> p a , 
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and at sufficiently high speeds such that r a <£ t, and 

d *=(2, ) ^ DSlip (1) 1/ Vt 
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(5.16) 
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For a nominal resolution size w x w, the pixel rate is v a /w and 

D* = (2r]) 1 / 2 Dg LI p(i , T) 1 / 2 . (5.17) 

Based on the above considerations, long lifetimes are required to achieve large 
gains in the SNR. A useful improvement in detectivity relative to a B1 .TP-limited 
discrete device can be achieved when the value of st exceeds unity. The perfor¬ 
mance of the device can be described in terms of the number of BLIP-limited 
elements in a serial array giving the same SNR, 

N eq (BLIP) = 2sr. (5.18) 

The SPRITE detectors are fabricated from lightly doped (~5 x 10 14 cm -3 ) 
Hgi_ x Cd v Te. Both bulk material and epilayers are used. 85 Single-, 2-, 4-, 8-, 16-, 
and 24-element arrays have been demonstrated; the 8-element arrays are the most 
common at present (Fig. 5.17). In order to manufacture the devices along a line, 
it is necessary to reduce the width of the readout zone and corresponding contacts 
to bring the contacts parallel to the length of the element within the width of the 
element. Various modifications of the device geometry have been proposed to im¬ 
prove both the detectivity and the spatial resolution, including horn geometry of 
the readout zone (Fig. 5.18) to reduce the transit time spread, and a slight taper¬ 
ing of the drift region to compensate for a slight change of drift velocity due to 
background radiation. 

As shown in Table 5.1, to achieve usable performance in the 8-14-pm band, 
the SPRITE devices require liquid nitrogen (FN) cooling while three- or four-stage 
Peltier coolers are sufficient for effective operation in the 3-5 pm range. 



Figure 5.17 Schematic of an 8-element SPRITE array with bifurcated readout zones. 
(Reprinted from Ref. 82 with permission from Elsevier.) 
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(a) 


(b) 


(c) Q 

Figure 5.18 Schematic geometry of drift/readout regions of SPRITE detectors: 
(a) straight/bifurcated, (b) straight/horn, and (c) tapered/horn. (Reprinted from Ref. 7 with 
permission from Elsevier.) 




Table 5.1 Performance of SPRITE detectors. (Reprinted from Ref. 82 with permission from 
Elsevier.) 


Material 

Mercury cadmium telluride 


Number of elements 

8 


Filament length (pm) 

700 


Nominal sensitive area (pm) 

62.5 x 62.5 


Operating band (pm) 

8-14 

3-5 

Operating temperatures (K) 

77 

190 

Cooling method 

Joule-Thompson 
or heat engine 

Thermoelectric 

Bias field (V/cm) 

30 

30 

Field of view 

// 2.5 

// 2.0 

Ambipolar mobility (cm 2 /Vs) 

390 

140 

Pixel rate per element (pixel/s) 

1.8 x 10 6 

7 x 10 5 

Typical element resistance (O) 

500 

4.5 x 10 3 

Power dissipation (mW per element) 

9 

1 

total 

< 80 

< 10 

Mean D* (500 K, 20 kHz, 1 Hz) 62.5 x 62.5 pm 
(10 10 cmHz 1 / 2 /W) 

> 11 

4-7 

Responsivity (500 K), 62.5 x 62.5 pm (10 4 V/W) 

6 

1 


The response of the SPRITE detector to high spatial frequencies in an image is 
limited fundamentally either by spatial averaging due to the limited size of the read¬ 
out zone, or by the diffusive spread of photogenerated carriers in the filament. 83 
The response can be further degraded by imperfect matching of the carrier drift ve¬ 
locity to the image velocity. The resolution size for 8-14-pm devices is ~ 55 pm. 
For 200 K 3-5-pm devices, the spatial resolution is ~ 140 pm. 

One possible method to improve the resolution is to use a short device where 
the transit time is less than the lifetime to reduce the diffusive spread. The spatial 
resolution also can be improved by using anamoiphic optics, 87 which increases the 
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magnification of the image in the scan direction. 87 The detector length and scan 
speed are increased in the same proportion as the increase in magnification, but the 
diffusion length remains constant so that the spatial resolution is improved. Since 
SPRITE detectors remain background-limited even in low background flux, the 
SNR remains unaffected. 

A number of improvements have been made to the spatial and thermal 
resolutions. 85 System thermal sensitivity can be increased by the use of a larger 
number of elements. In addition to parallel arrays, 2D 8x4 parallel/serial arrays 
have been demonstrated. Moving from an operating temperature of ~ 80 K to 
~ 70 K with the cutoff wavelength shift from 12 to 12.5 pm can improve both 
signal-to-noise performance and spatial resolution. In the 3-5-pm band, the main 
improvement has been achieved by using more effective five- and six-stage Peltier 
coolers; 500 K blackbody detectivities as high as 5 x 10 10 cmHz'^AV have been 
achieved with 8-element arrays. 

The ultimate size of SPRITE arrays is limited by the significant heat load im¬ 
posed by Joule heating. It is expected that the equivalent performance of an ar¬ 
ray with more than 1000 elements in the 8-14-pm range will be achieved with a 
heat load less than 1 W. 88 Arrays equivalent to hundreds of conventional elements 
should be possible in the 3-5-pm band within the constraints imposed by Peltier 
coolers. 

Despite remarkable successes, SPRITE detectors have important limitations 
such as limited size, stringent cooling requirements, and the necessity to use fast 
mechanical scanning. This means that SPRITE detectors arc transition-stage de¬ 
vices to the staring 2D arrays era. 
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Hgi_*Cd*Te Photodiodes 


The photovoltaic (PV) effects in Hgi_ A Cd A Te were mentioned for the first time in 
1959 by Lawson et al. 1 The development of Hgi_ v Cd A Te photodiodes was stim¬ 
ulated initially by their applications as high-speed detectors, mostly for direct and 
heterodyne detection of 10.6-pm CO 2 laser radiation. Later efforts have been dom¬ 
inated by applications for large arrays used in LWIR and MWIR thermal imaging 
systems. In contrast to photoconductors, photodiodes have a very low power dis¬ 
sipation and can be assembled in 2D arrays containing a very large (> 10 6 ) num¬ 
ber of elements, limited only by existing technologies rather than by heat dissipa¬ 
tion issues. Photodiodes arc the most promising devices for uncooled operation, 
and at present, significant efforts arc on Auger-suppressed devices 2 and multiple 
heterojunctions. 3 

Hg] _ x Cd v Tc photodiodes have been reviewed by several authors. 4-7 This 
chapter will concentrate on the specific features of photodiodes pertinent to the 
uncooled operation of the devices. 

6.1 Theoretical Design of Hgi_ v Cd v Te Photodiodes 

6.1.1 Photocurrent and dark current of photodiodes 

Generally speaking, a photodiode is a semiconductor structure containing an ab¬ 
sorber region with one or two contacts that sense the photogenerated carriers. But 
in contrast to a photoconductor, a photodiode can be operated at zero or at reverse 
bias. The contacts can be homojunctions or heterojunctions. For the best perfor¬ 
mance, the contacts must not introduce minority carriers to the absorber. At the 
same time, the contacts should effectively collect the charge carriers generated in 
the absorber, so the contacts must not form barriers for minority carriers. 8-12 This 
can be accomplished by using wide-gap and heavily doped heterojunction contacts. 
Heavily-doped, band-filled n + -Hg|_ A Cd A Tc is also a near ideal contact for p-type 
absorbers; as a result, a heterojunction contact may not be necessary. However, 
since the band-filling effect does not occur in p-type Hgi_ A Cd x Te, the only choice 
in that case is a wide-gap p-type contact to an n-type absorber. 
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P Contact to P 



Figure 6.1 Schematic cross-section of a double-layer heterojunction device with top contact 
on the p-type layer and a remote ohmic contact to the n-layer. 


Consider as an example a double-layer heterojunction photodiode with a 
narrow-gap n-type absorber region, and a wide-gap and p-type cap (as shown in 
Fig. 6.1). The device can be front-side illuminated through a wide-gap p-type layer 
or it can be back-side illuminated. The photocurrent is due to the optical gener¬ 
ation of charge carriers in absorber regions that diffuse to form a junction where 
they are collected. For efficient absorption of incoming radiation, the thickness of 
the absorber region must be comparable to the absorption depth. At the same time, 
the junction should be located at a distance less than the diffusion length from the 
generation site. As a result, the diffusion length should be larger than the absorp¬ 
tion length. This relation between diffusion length and absorption length is readily 
achieved in cooled photodiodes where the diffusion length is typically much larger 
than the absorption length. In contrast, the absorption depth in narrow-bandgap 
semiconductors that are operating close to room temperature may be well in ex¬ 
cess of the diffusion length for any gap and doping. Consequently, IR radiation is 
only partial absorped in the region from which the carriers can be collected. This 
precludes the possibility of obtaining near-unity quantum efficiency in such a de¬ 
vice for any thickness of the absorber region. That problem can be solved by using 
multiple heterojunction devices. 13 

The dark current is due to thermal generation of charge carriers. All regions of 
the photodiode may contribute to the resulting dark current. 4-7 In practice, non¬ 
fundamental sources dominate the dark current of the present 80 K Hg|_ x Cd t Tc 
LWIR and MWIR photodiodes. In contrast, the dark current of properly designed 
photodiodes that are operating at room temperature is frequently determined by 
thermal generation due to fundamental mechanisms. Therefore, most of the efforts 
for uncooled detectors are directed toward the development of the specific photodi¬ 
ode structure in which the fundamental mechanisms can be suppressed. Table 6.1 
shows the main sources of dark current in photodiodes. 

6.1.2 Structures of Hgi_ x Cd x Te photodiodes 

The basic steps for developing Hg|_ v Cd A Tc photodiode structures are n-p and 
n + -p homojunction, double-layer P-n heterojunction, and three or more layer het- 
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Table 6.1 The main sources of a photodiode dark current. 

Mechanism Methods to Minimize Dark Current 

Absorber 

• optimized doping in photodiodes operating at equi¬ 
librium mode 

• suppressed to zero by nonequilibrium depletion 

• optimized doping 

• optical shielding from radiation coming from passive 
region of device and from other elements in an array 

• optical concentrators, e.g. immersion lenses 

• improved material technology 

• improved technology 
Depletion Layer 

• reduction of concentration of SR centers by improved 
material technology 

• optimized doping 

• reduction of size of junction compared the pixel size 

• reduced doping 

• heterojunction 

• improved material quality 

• reduced doping 

• heterojunction 

• reduced dislocation density 

• improved material technology 

• improved technology 

• reduced dislocation density 



Cap Layer 

Auger generation in the bulk 

• optimized band gap and doping 

Auger generation at graded interface 

• optimized grading of bandgap and doping 

Shockley-Read generation 

• reduction of concentration of SR centers by improved 
material technology 


Surfaces 


• improved passivation 

• heterojunction passivation 

• improved passivation 

• optimized acceptor doping 

• improved passivation 

• optimized acceptor doping 

• improved passivation 

• optimized acceptor doping 



Contacts 

generation at contacts 

• wide gap or/and degenerately doped cap material 

• remote contacts 

Johnson-Nyquist noise of parasitic 

• improved design 

resistance 



erostructures. This is illustrated in Fig. 6.2, which shows schematic cross-sections 
of the devices. The architecture of practical devices is more complex, as will be 
discussed below. 


generation at surface states 

shunt leakage due to inversion layer 

tunneling induced near the surface 

avalanche multiplication in a field- 
induced surface region 


generation-recombination 


band-to-band tunneling 

trap-assisted tunneling 
avalanche current 

leakage due to dislocations 
leakage due to precipitates 
1 // noise 


Auger generation 

internal radiative generation 
external radiative generation 

Shockley-Read generation 
1 // noise 
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Nf-N-p-P-P* heterojunction 


Figure 6.2 Schematic cross-sections of principal structures of Hgi_ v Cd. v Te photodiodes: 
n-p and n+-p homojunctions, P-n heterojunction, N + -p-P + , and N + -N-p-P-P+ heterostruc¬ 
tures. 

Homojunction n-p device 

Homojunction n-p devices were the first practical Hgi_ v Cd x Te photodiodes. Both 
the n- and p-regions contribute to the resulting quantum efficiency, dark cur¬ 
rent, and noise. The device is difficult to optimize. The illuminated diode region 
should be thin enough (<Lf>) to ensure effective collection of photogenerated 
carriers by junction. The other layer also should be thin enough to reduce the 
dark current caused by bulk thermal generation in that layer. But when the lay¬ 
ers are thin, the device will be vulnerable to the surface generation-recombination 
processes. This is especially pronounced when the surfaces are metalized for con¬ 
tacts. 

Homojunction n + -p device 

Problems with the surface processes can be solved with a degenerately doped 
n + layer. Due to the pronounced Burnstein-Moss effect, the n + -layer does not 
contribute to the resulting quantum efficiency or dark current generation. The 
n + -layer plays the roles of a window layer and a contact that collects minor¬ 
ity carriers. The p-region plays the role of an absorber, and ideally remains the 
only source of dark current. In practice, the device may be vulnerable to surface 
processes at the p-type region surface. The remote ohmic contact to p-layers must 
be used. 
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Double-layer heterojunction P + -n photodiode 

The n-layer is the absorber, while the wide-gap and heavily doped P-layer forms 
the junction and may play the role of window layer. The remote ohmic contact to 
the n-layer must be used. 

Triple-layer heterojunction (N + -n-P + , N + -p-P + , n + -n-P + , n + -p-P + ) 
photodiodes 

Narrow-gap n, p, v, or n layers act as the absorber, while wide-gap and heavy- 
doped N + and P + layers form junctions and may play the role of window layer. 
These devices arc better protected against dark current generation at surfaces, con¬ 
tacts, and interfaces. In addition, heavy doping makes it possible to achieve low- 
resistance contacts. A heavy doped n + -layer is sometimes used instead of the N + - 
layer. 

Four- and five-layer (N + -n-P-P + , N + -p-P-P + , N + -N-n-P-P + , 

N+-N-p-P-P + ) heterojunction photodiodes 

Additional wide-gap layers but fewer doped-gap layers are frequently placed on 
puipose between the absorber and the heavy-doped regions to prevent thermal gen¬ 
eration at interfaces and tunnel currents. 14 

With the exception of the p-n homojunction photodiode, more advanced pho¬ 
todiode structures have a one-layer absorber region of n- or p-type conductivity, 
which ideally is the only source of dark current. 

Consider a single absorber device. We will assume that the diffusion length in 
the absorber layer is larger than the absoiption depth. For the best performance, 
the doping of the absorber should produce a hole concentration that results in the 
lowest possible thermal generation rate. The thickness of the absorber should be 
optimized for the best compromise between the requirements of high quantum 
efficiency and a low dark current. This is achieved with a base thickness close 
to d — 1.26/a or 0.63/a for 0 and 1 backside reflection coefficients (see Chap¬ 
ter 2). 13-16 

The current-voltage characteristic of the ideal photodiode is described as 

-1 . ( 6 . 1 ) 

The short circuit photocurrent I p h is 

I P h = R ,•$, ( 6 - 2 ) 


I = 1 ph + /, exp — 


“p(: 



(6.3) 



134 


Chapter 6 


Assuming that the dark current saturation is only due to thermal generation in 
the absorber, the unity photoelectric gain, and the absorber is thin relative to the 
diffusion length. 


J s = Gtq , (6.4) 

where G is the generation rate in the base layer. 

It should be noted here that the assumptions of constant thermal generation 
and unity photoelectric gain might not be valid for Hgi_ v Cd A Tc photodiodes 
where thermal generation and recombination are governed by the Auger processes. 
Nonetheless, this simple calculation makes it possible to correctly predict the ul¬ 
timate performance of Hgi_ t Cd x Tc photodiodes operating at zero bias (with the 
exception of junctions with a near-intrinsic absorber 15-17 ). 

Figure 6.3 shows the calculated saturation currents as a function of wavelength 
and temperature. The calculations have been performed for the optimized dop¬ 
ing close to that resulting in a p = y l/ 2 /i, hole concentration. The thickness of 
0.63/a has been assumed as the optimum thickness for the double radiation pass 
device. The saturation dark-current densities are very large compared to those of 
LN-cooled devices. For example, J s for an uncooled photodiode that is optimized 
for A ~ 10 pm exceeds 1000 A/cm 2 and is by four orders of magnitude larger 
than the photocurrent due to the 300 K background radiation. In contrast, the dark 
current of a 5-pm device operating at 230 K is equal to the background radiation 
generated by the photocurrent. 



3 4 5 6 7 8 9 10 11 12 13 14 

Wavelength (pm) 


Figure 6.3 Saturation dark-current density and background-generated photocurrent as a 
function of wavelength. 
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The noise current that is due to the thermal generation-recombination processes 
in the absorber and the background optical generation is 

I 2 = 2[{G + R)+^ B ]q 2 AtAf. (6.5) 

Photodiodes arc typically operated at zero bias to minimize the heat load and 
to ensure zero 1 // noise. At zero bias, the thermal generation and recombination 
rates are equal. In this case, 

I 1 - = 2(2 G + q\<S> B )q 2 AtAf, ( 6 . 6 ) 

or 

I 2 = (4J s +2J B )AtAf. (6.7) 


It should be noted that the noise of an ideal photodiode operating at a reverse- 
bias recombination occurs at the neutral region of the device and does not con¬ 
tribute to the noise. In this case, 


4 2 = 2 (/, + J B )AAf. 

The normalized detectivity for zero-bias conditions is 

D * = Mg i 

he (4J S + 2/s) 1 / 2 ’ 


or, at reverse bias, 


D* 


A r\q 1 

he (2J S + 2 /g ) 1 / 2 ’ 


( 6 . 8 ) 


(6.9) 


( 6 . 10 ) 


The analysis of Eq. ( 6 .10) and the results presented in Fig. 6.3 indicate that the 
detectivity of an uncooled 10 -pm photodiode is approximately two orders of mag¬ 
nitude less than the BLIP performance, while the detectivity of a Peltier-cooled 
5-pm device may approach the BLIP limit. 

Frequently, the photodiode performance is discussed in terms of the zero bias 
resistance-area product. As follows for the ideal diode I-V plot, 

kT 

RoA = ——, (6.11) 

qJ s 


or 


kT 

q~Gt 


R 0 A = 


( 6 . 12 ) 
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The zero bias detectivity can be expressed as 

D * = Arig (RqA) 1/2 

he (4kT + 2q 2 r [ <S> B R 0 A) 1 / 2 ' 


(6.13) 


For the best performance under the given operating conditions (wavelength and 
temperature), the value of rj (R„A) 1 ^ 2 should be maximized. The q (R n A) ] /2 is a 
photodiode figure of merit that determines the performance of a photodiode. 

The R„A product is more frequently being used as the main photodiode figure 
of merit. It should be noted that R„A is not the sole figure of merit. In principle, 
a very large R„ A can be obtained by making the thickness of the absorber low 
by sacrificing quantum efficiency and detectivity. Therefore, R„A can be used to 
characterize photodiode performance with the same quantum efficiency. 

Compare R„ A for p- and n-type absorbers of the same thickness. Assuming the 
Auger mechanism in the extrinsic p-type absorber. 


RoA 


q 2 N a t 


For the n-type absorber, 


RoA 


q 2 N d t ' 


(6.14) 


(6.15) 


As Eqs. (6.14) and (6.15) show, the R„A product can be increased by reduc¬ 
ing the thickness of the base layer. As follows from the general considerations 
presented in Chapter 2, the optimum thickness is close to the absoiption depth. 
Since y = r l A7 /r l A ^ > 1, higher R a A values can be achieved in p-type base de¬ 
vices than those of n-type devices with the same doping level. Maximum R„A is 
achievable with absorber doping producing p = y l/2 «/, which corresponds to the 
minimum thermal generation. 17 Therefore, optimum doping depends on the intrin¬ 
sic concentration. The required level is quite high for temperatures that are above 
200 K and wavelengths that are above 8 pm and within the range 1 x 10 16 cm 3 to 
5 x 10 17 cm -3 . Under these conditions, the doping is easily achievable. In contrast, 
the MWIR devices that are operating with thermoelectric cooling may require an 
acceptor doping level below 1 x 10 16 cm -3 , which may be difficult to obtain in 
practice. In some cases, slightly better performance can be obtained by using a 
lightly doped n-type absorber. 

Figure 6.4 shows the calculated R„A product for p-type absorbers optimized for 
the best detectivity. The high-temperature photodiodes have quite low resistances. 
Extremely low resistance can be expected for an uncooled LWIR detector. 
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Figure 6.4 Zero bias resistance-area product of Hgi_ v Cd. v Te photodiodes as a function of 
wavelength and temperature. The R a A required when the 300 K thermal noise of a photo¬ 
diode is equal to the background flux quantum noise is also plotted. 


6.1.3 Current-voltage characteristics of photodiodes 

The ideal J = J s exp[ (eV /kT) — 1] characteristic describes the situation when 
the photodiode current is caused by the thermal generation and recombination 
processes, the lifetime and generation rate of minority carriers on the low-doped 
side are unchanged by the changing value of the minority concentration in the 
vicinity of the junction, and the photoelectric gain is unity. 

The assumptions are not more valid in Hgi_ v Cd A Te uncooled photodiodes. 
When the absorber is near intrinsic, thermal generation-recombination is governed 
by Auger mechanisms with important consequences to photodiode properties. 18 
The properties of the devices are also strongly influenced by ambipolar effects due 
to a large electron-to-hole mobility ratio that may result in a significant gain in 
primary dark current. 19 

Consider first 1-h, n + -p, and p + -n junctions with heavily and lightly doped 
semiconductor contacts that have a minority carrier concentrations in heavily 
doped regions so small that the minority carrier current is negligible and no surface 
generation at the junction interface occurs. Assuming that the length of the lightly 
doped zone is much longer than the ambipolar diffusion length, then 


La = (D a T) 1/2 , 


( 6 . 16 ) 
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where D a is the ambipolar diffusion coefficient 


DnDpin + p) 

D n + D p 


(6.17) 


and D n and D p are the diffusion coefficients for electrons and holes. 

Under reverse bias, the minority carriers are extracted from the lightly doped 
regions at 1-h junctions; electrons are extracted at the n + -p junction and holes at the 
p + -n junctions. The extracted carriers arc partially replenished by the diffusion and 
drift transport from the bulk of the i-zone. The concentrations in the vicinity of the 
junctions will decrease, resulting in the partial suppression of Auger generation. 

Consider now a three-layer n + -n-p + or n + -p-p + photodiode structure (Fig. 6.5) 
in which the length of the lightly doped zone is comparable to the ambipolar diffu¬ 
sion length so that the two junctions in the structure can interact. When the struc¬ 
ture is reverse biased, the charge carriers are extracted from the lightly doped zone 
in the vicinity of the anisotype junctions. In contrast to the long, lightly doped 
zone device, the carriers cannot be replenished from the short zone or from heavily 
doped isotype contacts due to exclusion. At higher bias, if the length of the i-zone 
is short, this effect can be felt throughout the lightly doped zone, which results in 
a depletion of the majority carriers to the extrinsic level while the concentration of 
minority carriers can be reduced to a much lower level. Consequently, the suppres¬ 
sion of Auger generation occurs with a dramatic decrease in dark current. 18 It is 
obvious that the high impedance device with a low dark current arc of great interest 
for efficient detection of IR radiation. 

An analytical model describes the carrier transport in idealized n + -i, p + -i, and 
n + -i-p + structures with abrupt junctions, the total absence of doping in the intrinsic 
zone, the absence of other generation-recombination mechanisms, and the absence 
of nonparabolic effects in n + -i and p + -i structures. 19 



Figure 6.5 Three-layer n+-p-P heterostructure showing energy levels at zero-bias condi¬ 
tions. 
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The J-V curves for n + -i and p + -i junctions can be expressed as 
D n qiij 


and 

, _ D p qrii 

J c - 

T 

where Vj is the voltage applied to the junction. The total device voltage includes 
a significant contribution to the field in the i-zone. The saturation current for the 
n + -i junction is larger than that for the p + -i junction by a factor D n /D p = \i n /\i. p . 

Close examination of the last two equations reveals that the saturation currents 
correspond to halved thermal generation within the ambipolar diffusion length with 
unity gain for the p + -i junction, and D n /D p = pi n /Vp gain for the n + -i junction. 
Correspondingly, the zero-bias resistance product of the junctions is 

1 kT 

R„A — -——. (6.20) 

2 qJ s 

Comparing Eq. (6.20) with the result for extrinsic diodes ( kT/qJ s ) shows that 
an Auger-dominated intrinsic junction has one-half the saturation current of an 
extrinsic diode with the same R a A. The reason for the reduced saturation current is 
the quenching of the Auger generation as concentration decreases with reverse bias. 
A secondary effect is the modified local diffusion length induced by the locally 
varying lifetime. 

The n + -i junction is inherently more “soft” than the p + -i junction with the 
difference in the resistance equal to the \i n /Vp ratio—almost two orders of mag¬ 
nitude. This anomalously low junction resistance is due to the ambipolar effects in 
the semiconductor with mixed conductivity and the large mobility ratio that results 
in \i- n /\tp photoelectric gain in the vicinity of the n + -i junction. 

Consider now a three-layer n + -i-p + photodiode structure (Fig. 6.6) in which 
the length of the i-zone is comparable to the ambipolar diffusion length, which 
allows the n + -i and i-p + junctions to interact. 

White reported an analytic solution for the ideal n + -i-p + photodiode that 
predicts the reduction of leakage currents and negative resistance for n + -i-p + 
structures. 19 Figure 6.6 shows a schematic distribution of the carrier concentra¬ 
tion in the reverse-biased n + -i-p + photodiode. The voltage applied to the device 
is a sum of voltages at n + -i and i-p + junctions and voltage across the i-zone (see 
Fig. 6.7): 


1 — exp( — 


2 qVj 

kT 


for p + -i 


(6.19) 


1 — exp( — 


2 qVj 

kT 


for n + -i, 


(6.18) 


V = V n + V p + Vi. 


(6.21) 
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Figure 6.6 Distribution of carriers in the i-zone when \±„ larger than \i p and for a device bias 
of 2 kT/q. The maximum of concentration approaches n+-p junction with increasing p„/p. p 
ratio. The maximum value of n/n ; - is equal to parameter b. 


P*-i 



Figure 6.7 Schematic band diagram of the n+-i-p+ structure. (Reprinted from Ref. 19 with 
permission from Elsevier.) 


The voltage across the i-zone is 


-/ 


Vi = / Edx. 


The electric field can be expressed in terms of the total current by 

J 


E = 


1 kT D p — D n 1 dn 
q([i n + [i p )n q D p + D„ndx 


( 6 . 22 ) 


( 6 . 23 ) 
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The first term represents ohmic effects and is negligible in many cases. The second 
term is the Dember field, which integrates to 


v;- = 


kT D„ — D n n n D„ — D„ 

~ ' ~ ' ^ — = " n P (V p - V n ) 

q Dp + l) n tip Dp I)ii 


(6.24) 


For D n 3> D p and V n <$C V p , the Dember voltage equals the voltage drop at the 
p + -i junction, so the total voltage of the device V — 2V p . Therefore, the voltage 
drop across the i-zone due to the Dember effect cancels exactly the voltage drop 
across the “soft” n + -i junction and doubles the voltage across the “hard” p + -i junc¬ 
tion. This effect is seen clearly in Fig. 6.7, which shows the quasi-Fermi levels and 
band bending. 

Figure 6.8 shows the calculated I-V curves for different device lengths. For a 
long i-zone (/ L a ), the J-V characteristic is determined entirely by the voltage 
drop at the p + -i junction and the Dember voltage nearby, resembling characteristics 
of conventional photodiodes: 


Dpqrij 

L a 


1 — exp 



(6.25) 


The behavior of a device with its length comparable to L a is more complex. At 
low bias, the device has low impedance, and the current rises sharply with voltage. 
At higher voltages, the current achieves its maximum value and stalls to decrease, 



qV/kT 

Figure 6.8 Current-voltage characteristics of the low-gap p-i-n diode structure for different 
i-zone lengths h (shown as the ratio h/L a ) and for \±„ » \i p . For h/L a > 7 I/ 2 1 / 2 = 2.22, the 
saturation current does not reduce to zero at very high bias voltage. (Reprinted from Ref. 19 
with permission from Elsevier.) 
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producing negative resistance. If the length of the device is shorter than the crit¬ 
ical length, ( n/*j2)L a , the current reduces to zero at high voltage as a result of 
the complete depletion of the i-zone. For a larger length, the current saturates at 
a level lower than that for infinitive length, in dependence on the length of the 
device. 

White’s model also predicts a photoelectric gain larger than unity in totally 
suppressed devices as the result of the additional generation contributed by the 
new carriers that are induced by external sources. 

The three-layer devices with doped central zones, such as n + -p-p + and 
n + -n-p + , cannot be analyzed with formulas but can be analyzed with computer 
simulations. White developed a generalized computer model for the structures 
that include properties of idealized models. 20 These properties include doping of 
the lightly doped zone, grading at contacts, Shockley-Read generation, and other 
factors. Calculations have been performed in one dimension for 11- qm cutoff 
Hgi_ x Cd v Tc homojunction diodes operating at 253 K. Doping of 8 x 10 17 cm 3 
and 5 x 10 18 cm -3 has been assumed for the n + - and p + -regions. This results in 
18 A/cm 2 leakage due to generation in the n + -zone doping grading, and to the 
10 A/cm 2 leakage that results from generation at the surface of the 0.6-qm-thick 
p+-region. 

Three principal types of device structures have been identified according to 
their doping level in the lightly doped central zone: (1) near intrinsic devices 
(7t or v), (2) devices that are already extrinsic at zero bias (n or p), and (3) an 
intermediate case when the doping is just extrinsic (n _ , p _ ). These three cases arc 
described below: 

• Near intrinsic devices. These devices require a very short central zone for ef¬ 
fective Auger suppression. This is a result of a very short am hi polar diffusion 
length [L a = (2D p T,) 1/2 « 1.2 pm], 

• Just extrinsic devices. Even shorter zones are necessary for n _ type devices, 
which makes them useless for Auger-suppressed diodes. In contrast. Auger 
suppression is most pronounced in just extrinsic p-type devices with ambipo- 
lar diffusion length of several tens of micrometers (see Figs. 6.9 and 6.10). 

• Extrinsic devices. The n-type devices are the least interesting for Auger- 
suppressed devices. The moderately doped extrinsic p-type devices show the 
lowest currents at low bias as the result of low initial electron concentrations. 
They also exhibit some Auger suppression at higher bias. 

Generally, all p-type devices approach the limiting current that was generated 
at the contacts, which may be expected to be lower for improved contacts based 
on wider-gap materials. The other important result is the observation of hardness 
of the p-p + junction. This junction is significantly harder than the n + -p _ junc¬ 
tion. 

The reduction of dark current in three-layer homojunction structures is rela¬ 
tively modest due to parasitic generation at interfaces and contacts. Better de- 
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Figure 6.9 Carrier concentrations and electric fields for 4-|im long extrinsic (p) and just 
extrinsic (p - ) devices. A reduction of the majority carrier concentration to the extrinsic level 
can be seen. (Reprinted from Ref. 20 with permission from Elsevier.) 


vices can be obtained using three-layer N + -p-P + (n + -p-P + , N-p-P, n + -7t-P + , 
N+-7T-P+). 18 Further refinements include more complex four- and five-layer struc¬ 
tures (N + -N-p-P-P + and derivative devices). These structures are capable of even 
better suppression of the dark current at interfaces. 2 ' 21-23 

Improved numerical calculations devised with software developed at some lab¬ 
oratories or commercially available packages make it possible to analyze complex 
heterostructures with bandgaps and doping-level gradings, taking into account the 
fundamental and nonfundamental sources of dark current. 

Calculations of saturation currents as a function of residual Shockley-Read 
traps for three-layer structures have been reported that take into account such fea¬ 
tures as degeneracy, compensation, partial occupation of states, large deviation 
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Figure 6.10 Current-voltage characteristics for 4-pm-long devices. (Reprinted from Ref. 20 
with permission from Elsevier.) 




Figure 6.11 Photovoltage due to 10.6-pm-radiation scan across N+-p-P + heterostructure. 


from equilibrium, generation-recombination mechanisms, and graded interfaces. 24 
These calculations determined the upper limit to trap concentration that can be 
tolerated for effective Auger suppression. 

Numerical calculations have become an invaluable tool to analyze and opti¬ 
mize more complex heterostructures used for the equilibrium and nonequilibrium 
devices, including 2D and 3D structures. They also can be used to calculate the 
distribution of the photoelectric gain, volume density of generation-recombination 
noise, and photoresponse. 25 

Figure 6.11 shows the photoresponse distribution of an N + -p-P + heterostruc¬ 
ture with a 16-pm-long p-type absorber optimized for uncooled detection of 
10.6 pm. 25 The photoresponse can be observed in the vicinity of the P + -p and 
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anisotype N + -p heterojunctions at distances comparable to the ambipolar diffu¬ 
sion length. The striking difference in the response can be observed at the two 
junctions. Despite significant doping of the p-region, the photoresponse at the iso¬ 
type P + -p heterojunction is much larger than the anisotype N + -p heterojunction. 
This confirms the relative hardness of the P + -p junction. 

6.1.4 Quantum efficiency issues of high-temperature photodiodes 

In typical performance calculations, we assumed the absoiption depth 1/a was 
shorter than the diffusion length. This is true for optimized MWIR, but in long- 
wavelength devices operating at near room temperature, the diffusion length may 
be shorter than the absoiption length. Consider an example of an uncooled 10.6- 
pm photodiode with an x = 0.165 absorber doped to approximately N a = 1 x 
10 17 cm -3 . Calculations show that the ambipolar diffusion length is less than 2 pm 
and the absorption depth is ~13 pm. This reduces the quantum efficiency to ~15%. 

There arc some ways to improve this and achieve near 100% efficiency even 
for a diffusion length shorter than the absoiption depth (see, e.g.. Refs. 6, 16, 17, 
and 26). 

Double pass of radiation with a suitable retroreflector 

This simple solution may almost double the quantum efficiency for weakly ab¬ 
sorbed radiation. For example, this solution makes it possible to achieve ~25% 
quantum efficiency in uncooled 10.6-pm photodiodes. 

Optical resonant cavity 

A properly designed resonant cavity makes it possible to achieve full absoiption 
within a A/4« depth (~0.8 pm). This depth is smaller than the diffusion length, 
so near-unity quantum efficiency becomes feasible. This device makes it possible 
to shorten the time required for photogenerated carriers to reach the space charge 
regions, thus improving the high-frequency response. The disadvantages arc a nar¬ 
row spectral response and a limited field of view. 27 

Stacked multiple-heterojunction devices 13,15,28-32 

A stacked multiple-heterojunction device, shown in Fig. 6.12, is based on multiple 
N + -p-P + heterostructures. The absoiption of the long-wavelength radiation occurs 
in the p-type absorber region of the junctions. For the best performance, the total 
thickness of the structure should be close to the optimum thickness 1.26/a (or 
0.63/a for double pass). The thickness of the absorber region of each element 
should be less than the diffusion length. In principle, these devices make it possible 
to achieve near-unity quantum efficiency. 
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Figure 6.12 Stacked multiple-heterojunction device. 


Photodiode with junction planes perpendicular to the surface of the device 

A photodiode with junction planes perpendicular to the surface of the device, 
shown in Fig. 6.13 imposes these necessary conditions for achieving high quan¬ 
tum efficiency: 

• For efficient absoiption, the thickness (t ) of the p region should be compara¬ 
ble to the absoiption length, and the conditions should be 1.26/a or 0.63/a 
for single and double pass, respectively; 

• For efficient collection, the length (/) of the p region should be shorter than 
the diffusion length. 

The length of this device is limited to the diffusion length. The absorption depth 
is longer than diffusion length / < t, and the device will exhibit good absorption 
only for normal incidence unless the side surfaces are covered with a reflective 
coating. 


hv 



Figure 6.13 Geometry of an N+-p-P+ photovoltaic detector with junctions perpendicular to 
the front surface of the device. 
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Figure 6.14 Geometry of multiple N + -7t-P+ photovoltaic detector with junctions perpendic¬ 
ular to the front surface of the device. 


Multiple-heterojunction device with junction perpendicular to the front 
surface of the device 

Unlimited active area and good absoiption for any incidence angle can be achieved 
in a multiple-heterojunction device with the junction perpendicular to the front 
surface of the device, as shown in Fig. 6.14. 

Reducing the distance within the heavily doped contact region below the dif¬ 
fusion length is crucial for high-frequency operation. This also reduces the time 
required for the photogenerated carriers to diffuse to the wide-bandgap regions 
that is proportional to the square of the distance from the generation point to the 
contacting region. By using such a multi-junction structure comprised of cells with 
narrow active regions, it is possible to obtain a response time much shorter than the 
bulk carrier lifetime. 

It is worth noting that the length (thickness) of the wider-bandgap contacting 
regions should be kept short compared to the length of the absorbing regions since 
the wider-bandgap contacting regions arc optically inactive. For very short individ¬ 
ual cells, the length of the absorbing region may become comparable to the length 
of the contacting region. Under these circumstances, a large proportion of the total 
device area may be optically inactive, which results in a reduction of the overall 
quantum efficiency and resulting detectivity. 

6.1.5 Frequency response of Hgi_*Cd*Te photodiodes 

Consider the limitation to the frequency response of the three-layer heterostructure 
photodiodes. The frequency response is limited by two processes: (1) transport 
through the lightly doped absorber region, and (2) equivalent RC time constant. 

Transport through the absorber region is a combination of diffusion and drift. 
The diffusion limited transit time is 


r dif — 


2AD a ■ 


(6.26) 


The p-type Hgj_ A Cd v Tc is the material of choice for an absorber of a fast pho¬ 
todiode due to the large diffusion coefficient of electrons. The diffusion tran- 
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sit times are ~ 100 ps for extrinsic p-type Hgo. 832 Cdo.i 68 Te at room tempera¬ 
ture. Slower response should be expected in detectivity optimized devices with 
an N a ~ 10 17 cm -3 absorber because the ambipolar diffusion coefficient is less 
than that of electrons. Further reduction can be achieved using a thinner absorber. 
The double pass of radiation and optical resonance can be used to compensate the 
loss of quantum efficiency, as discussed above. 

Drift transport can further improve frequency response. Significant drift can be 
expected in Auger-suppressed photodiodes where the electrical field in the depleted 
zone is large. For fully depleted n absorbers, electrons are the minority carriers and 
electron drift determines response time. 21 The drift time of 36 ps is expected for 
10.6-pm devices operating at 260 K. The drift transit can be significantly slowed 
down by ambipolar effects for a strong optical excitation, which causes a significant 
increase in electron concentration. 

The main limitation of response time is usually the RC time constant. For pho¬ 
todiodes connected to a transimpedance preamplifier with a low input resistance, 
the equivalent time constant is determined by the junction capacitance and series 
resistance of photodiode. The capacitance of 45-pm-diameter, 10.6-pm Auger- 
suppressed photodiodes of 8 pF has been measured and is considerably greater 
than what would be expected for depletion capacitance; this is thought to be due to 
diffusion capacitance. 33 Series resistances of devices with a p-type bottom layer is 
typically several hundred ohms. This leads to an RC time constant of 2.4 ns for a 
45-pm-diameter photodiode. 

The reduction of series resistance by almost two orders of magnitude is possible 
using structures with heavily doped n-type material for the bottom layer with a 
corresponding reduction of the RC time constant. A large reduction is expected in 
an optically immersed photodiode with a very small active area. 17 ’ 34 

As we can see, well-designed photodiodes can have very good frequency re¬ 
sponse and can be used for gigahertz detection of IR radiation. 

6.2 Technology of Hgi_*Cd x Te Photodiodes 
6.2.1 Basic configurations of photodiodes 

The basic structures used for LN-cooled Hgi_ A Cd v Te photodiodes are typi¬ 
cally being implemented in the mesa, planar, and lateral configurations shown in 
Fig. 6.15 (see review papers in Refs. 6 and 7). The front-side illuminated device 
suffers from a reduced active area due to the contact metallization. The effective 
backside operation requires thinning to approximately 10 pm to achieve high quan¬ 
tum efficiency and R () A product. The use of epilayers makes preparation of the 
backside operation straightforward because no thinning is necessary. The epitaxial 
photodiode in Fig. 6.15(c) can be both front-side and back-side illuminated. In the 
latter case, all of the area above the junction can be metallized. 

In principle, all devices can be front-side and back-side illuminated. Front-side 
illumination requires only partial metallization of the active area, but backside illu¬ 
mination has important advantages. The active area can be completely metallized. 
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(a) Planar n + -p 


(b) Planar P-n 



(c) Mesa rT-p 


(d) Buried planar P-n 


I Cr/Au 
3 CdTe 
3 CdZnTe 
: n + -Hg,. x Cd x Te 


' i p-Hg,. x Cd x Te 
i i n-Hg 1x Cd x Te 
i .—.-J P-Hg^CdJe 

V///////////A N-Hg 1x Cd x Te 


Figure 6.15 Schematic cross-sections of the most common configurations of epitaxial 
Hg!__ v Cd A Te photodiodes operating at near room temperatures. 


The metallization plays the role of a reflector, and as a result, a double pass of 
IR radiation occurs. The substrate materials usually have lower refraction indices 
than Hg|_ x Cd x Te layers, so reflection losses are relatively low without the use of 
an AR coating. Next, the front-side metallization prevents unwanted emission and 
absoiption of IR radiation. Backside-illuminated devices contacted with In bonds 
are typically used for large, high-fill-factor 2D arrays. 

The n + -p structure that is so frequently used in LN-cooled devices is not so 
successful for uncooled operations. This structure suffers from high series resis¬ 
tance, lateral generation, collection of dark current, and low resistance of the n + -p 
contact. 

The baseline architecture of uncooled devices is 

• P + -p-N + (or derivative) if the absorber doping p ~ y I/2 /i ( is possible. This 
device is a typical case of uncooled and minimally cooled LWIR and MWIR 
devices. 

• P + -n-N + (or derivative) structures when the required absorber p-type dop¬ 
ing or low SR generation is not feasible. This device is typical for <4 pm 
uncooled and cooled devices. 

Series resistance of the devices is mostly due to the bottom layer resistance 
between the active region and the remote contact. Therefore, the use of a low re¬ 
sistivity N + -layer at the bottom of the structure is advantageous. 
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6.2.2 Junction formation 

The p-n junctions in Hgi_ x Cd x Te have been formed by numerous techniques, in¬ 
cluding Hg in-and out-diffusion, impurity diffusion, ion implantation, ion milling, 
reactive ion etching, electron bombardment, doping during epitaxial growth, and 
other methods. To avoid citing hundreds of related references including those writ¬ 
ten by the author of this monograph, please see the references in these recent 
reviews. 6,7 

6.2.2.1 Hg in-diffusion 

Hg in-diffusion into vacancy-doped (~10 17 cm~ 3 ) Hg|_ x Cd A Tc, which was orig¬ 
inally proposed by French workers, has been widely used in the past for very fast 
photodiodes in which a low concentration (10 14 -10 15 cm -3 ) n-type region is nec¬ 
essary for a large depletion width and low junction capacitance. The n-type con¬ 
ductivity is originated from a background donor impurity. Initially, a mesa con¬ 
figuration was used for this type of device. Planar n + -n-p planar structure also 
has been used. A 0.5-pm ZnS was sputtered onto the surface of vacancy-doped 
Hgi_ x Cd x Te. After etching openings in the ZnS through a photoresist mask, and 
before removing the photoresist, an ~10-nm In layer was sputtered onto the sur¬ 
face. A low-concentration n-type layer approximately 5 pm deep with a thin n + 
skin was produced by 30 min, 240°C Hg-vapor diffusion in a sealed ampoule. The 
photoresist lift-off technique was used to define sputtered In-Au bonding pads. 
A ZnS mask provided passivation around the junction perimeter. The sensitive area 
may be covered with AR and encapsulation coatings. A CdTe layer 0.4-0.8-pm 
thick also can be used as an effective barrier for Hg diffusion. 

6.2.2.2 Ion implantation 

The ion implantation technique has been a common method of n + -p photodiode 
fabrication because it avoids heating the metallurgically sensitive material and per¬ 
mits precise control of the junction depth. The n + -p structures are produced by H, 
Hg, Al, Be, In, and B ions’ implantation into vacancy doped p-type material. The 
n-p junctions are located at a depth of 1-3 pm, which is large compared to the 
submicron range of implanted ions. 

The origin of p-to-n conversion is still under discussion. The p-to-n conver¬ 
sion occurs for donor, acceptor, and neutral species. The integrated doping is much 
higher than the implanted dose. Radiation defects and Hg atoms released from 
the lattice due to damage induced by ion implantation are among possible causes 
for junction formation without post-implant annealing. Boron is possibly the most 
frequently used material for n + -p photodiodes, perhaps because boron is a well- 
behaved shallow donor impurity in Hgi_ x Cd x Te and is also a standard implant 
for Si. The mesa diodes are made by implantation on a bare or passivated sur¬ 
face with subsequent etching for element separation. For planar devices, prior to 
implantation, the substrates are covered with dielectric layers (photoresists, ZnS, 
CdTe) containing openings that act as a mask for impinging ions and thus define 
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the junction area. Implantation is typically performed at room temperature: the sub¬ 
strates, if oriented, arc inclined to the beam axis to avoid ion channeling. Doses of 
10 12 -10 15 cm -2 and energies of 30-200 keV are applied. No post-implant anneal¬ 
ing was found to be necessary to achieve high performance, particularly at lower 
doses and for SWIR and MWIR devices. Some workers concluded that LWIR pho¬ 
todiode performance could be improved if post-implant annealing was used. The 
implantation effects are not annealed in vacuum at temperatures as high as 140°C. 

Attempts to obtain implanted p-on-n photodiodes by implantation also proved 
to be successful. The junctions were formed by Au, Ag, Cu, R and As implantation 
in n-type Hgi_ A Cd A Te followed by annealing. Annealing is usually a necessary 
step to activate the p-type dopants. Arsenic implantation is most widely used at 
present. Annealing requires 400-450°C in a high Hg pressure ambient that is nec¬ 
essary to activate this dopant. An example is the planar double-layer heterojunction 
photodiode. 

6.2.2.3 Ion milling 

Conversion of vacancy-doped p-type Hgi_ x Cd A Te to n-type during low-energy ion 
bombardment has become another important technique for junction fabrication. 
Donor ions and post-annealing arc not required. The local damage caused by the 
impinging ions is limited to a distance of the order of the ion range. The depth of the 
converted zone is much larger and remains roughly proportional to the thickness 
of the layer removed by ion bombardment. The reason for p-to-n conversion is still 
under discussion, but rapid diffusion of Hg released from the lattice is commonly 
believed to be the cause of the junction formation. Formation of extended defects 
and Te antisites is also postulated. 

6.2.2.4 Reactive ion etching 

Reactive ion etching (RIE) is traditionally used as an anisotropic etching technique 
that allows for delineation of active elements in high-density structures. Exposure 
of p-type Hg|_ A Cd A Te to CH 4 :H 2 RIE plasma has been shown to convert the mate¬ 
rial to n-type and has been used to fabricate n-p junctions. 35-37 The plasma-induced 
type of conversion may also be used with P-on-n heterostructures to insulate the 
junction of high-performance photodiodes. 38 

6.2.2.5 Doping during growth 

Doping during epitaxial growth has become the preferred technique at present 
because of its inherent advantage of integrating the material growth and device 
processing. 

High-performance photodiodes can be obtained by successive growth of doped 
layers using LPE from Te-rich solutions 39-43 or Hg-rich solutions, 44,45 MBE, 46,47 
MOCVD, 48-57 and ISOVPE. 17,58 Epitaxial techniques make it possible to grow 
in situ multilayer structures of strategic importance for uncooled photodiodes and 
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cooled photodiodes operating at a very long wavelength. Stable and readily achiev¬ 
able dopants at temperatures below 300° C arc required to prevent interdiffusion 
processes. Indium and iodine arc preferred n-type dopants, and arsenic is the pre¬ 
ferred p-type dopant for in situ doping as discussed in Chapter 3. 

The double-layer heterojunction (DLHJ) P + -n photodiode, which consists of 
an ~10-|xm base and ~2-um wide-gap cap layer, is probably the most com¬ 
mon double-layer device. The advantages of the heterojunction P + -n devices 
over homojunction n + -p are especially significant for high-temperature LWIR and 
MWIR diodes and for cryogenically cooled photodiodes operating at a wavelength 
> 14 pm. 51-53 Epitaxy doping is also used for more advance three-, four-, and five- 
layer photodiodes. 21 - 59 - 60 

6.2.2.6 Other techniques 

In-diffusion into p-Hgi_ A Cd A Tc has been used for n + -p diodes. 61 Photodiodes 
of p-on-n structures were prepared by Au 62 and As 63 in-diffusion into n-type 
Hgi_ A Cd A Te. Sputtering the doped Hgi_ A Cd A Te films onto Hgi_ A Cd A Te bulk 
crystals of opposite conductivity type has been used for the p-on-n and n-on-p 
photodiodes. 64 

6.2.3 Passivation 

Passivation is a critical step in the Hgi_ A Cd A Te photodiode technology that greatly 
affects surface leakage current and device thermal stability; as a result, most man¬ 
ufacturers treat it as a proprietary process. Passivation of photodiodes is more dif¬ 
ficult since the same coating must stabilize regions of n- and p-type conductivity 
simultaneously. The most difficult is the passivation of p-type material due to its 
tendency for inversion. For example, the anodic oxidation, which perfectly passi¬ 
vates n-type photoconductors, is not useful for passivation of p-type regions, which 
results in the formation of inversion layers. The reported passivation techniques in¬ 
volve deposition of ZnS, 23 - 61 - 65 - 66 CdS, 67-69 fluorides, 70 SiO A , 39 - 71 and SiN A . 72 

Recent efforts arc concentrated mostly on CdTe, CdZnTe, and heterojunc¬ 
tion passivation. 57 ’ 66 - 73-81 The layers can be sputtered, e-beam evaporated, and 
grown by MOCVD or MBE. Inversed ISOVPE (“negative epitaxy”) also has been 
used. 58 - 82 The CdTe passivation can be obtained during epitaxial growth, 57 - 77 ■ 80 
by the post growth deposition, 78 - 79 or by the anneal of the grown heterostructures 
in Hg/Cd vapors. 81 Directly grown in situ CdTe layers lead to low fixed interface 
charge; the indirectly grown ones are acceptable but not as good as those that are 
directly grown. Procedures for surface preparation prior to indirect CdTe deposi¬ 
tion have been proposed. 76 ' 78 

Passivation is easier to accomplish with P-n heterojunctions where the heavily 
doped P layer is less vulnerable to inversion, and passivation on the n layer is 
relatively simple. Double-layer passivation with CdTe or wider-gap Hgi_ A Cd A Te 
overcoated with SiO A , SiN A , and ZnS arc also frequently used. 76 
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6.2.4 Contact metallization 

The issues connected with contacts in photodiodes are contact resistance, contact 
surface recombination, contact 1 // noise, generation of photovoltages of the op¬ 
posite sign, and long-term and thermal stability of devices. Indium has been the 
most important metal for n-Hgi_ x Cd Y Te for many years, 4 while Au, Cr/Au, and 
Ti/Au have been used frequently for both p- and n-type material. 4 No good con¬ 
tacts exist for lightly doped p-type Hgi_ x Cd v Tc; all metals tend to form Schottky 
barriers. The problem is especially difficult for high x material. The problem could 
be solved by heavy doping of the semiconductor in the region close to the metal¬ 
lization to increase the tunnel current, but the required level of doping is difficult to 
achieve in practice. One practical solution is to use rapid narrowing of the bandgap 
at the Hgi_ z Cd A Te-metal interface. 54,55 

6.3 Practical Photodiodes 

6.3.1 SWIR photodiodes 

Interest has increased in the use of 1-3-pm devices for fiber optical communica¬ 
tions, laser radar, rangefinders, missile seekers, laser warning devices, astronomy, 
earth resources, short-wavelength thermal imaging, and many other military and 
civilian applications. 62, 83-93 In addition to high detectivity, a wide bandwidth is 
usually a basic requirement. Large resistances arc obtained at an operating temper¬ 
ature of 200-300 K, depending on the cutoff wavelength. 

The present SWIR devices are typically double-layer heterojunction P-n pho¬ 
todiodes. The R„A product is typically determined by means other than Auger 
mechanisms. The dominant currents in properly prepared diodes are the diffusion 
bulk-generated carriers that are limited by shallow SR centers. It is believed that 
the SR centers are introduced during activation of As dopants rather than during 
MBE growth. Radiative generation also is an important source of dark current. 

With a reverse bias, uncooled SWIR photodiodes exhibit avalanche breakdown. 
Avalanche photodiodes optimized for 1.33-2.5 pm have been reported. 4, 85, 94-96 
The proximity of the bandgap values and spin-orbit splitting energies for 
Hgj_ x Cd v Tc (x = 0.6-0.7) leads to a high hole-to-electron ionization coefficient, 
which enables the fabrication of low excess noise avalanche photodiodes. 94,97,98 
High-gain 1.55-pm P-i-N photodiodes with a low excess noise factor and dark cur¬ 
rent below 10 nA have been demonstrated. 96 A 3-dB frequency well above 1 GHz 
has been found. 

6.3.2 MWIR photodiodes 

Practical MWIR photodiodes operating in temperatures of 200-300 K have been 
reported by several groups. 4, 86,92,99-101 Usually the devices are cooled with two- 
or three-stage TE coolers to increase the resistance of practical devices to the level 
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Figure 6.16 Current-voltage characteristics and differential resistance area product of a pla¬ 
nar n + -p photodiode optimized for operation at 4.6 pm at 230 K, where N a = 1 x 10 16 cm -3 . 
(Reprinted from Ref. 104 with permission from J. Antoszewski.) 


where it will exceed the devices’ parasitic resistances. This often depends on the 
device area. The operation of MWIR photodiodes can be extended to room tem¬ 
perature using optical immersion and other means. 102 

Figure 6.16 shows an example of I-V curves and R„A-V dependences for n + -p 
planar devices and epitaxial devices optimized for operation at 4.6 pm at 230 K. 
Since the diffusion length in lightly doped p-type Hgi_ v Cd x Te (x ~ 0.3) may ex¬ 
ceed 50 pm, the perimeter region may significantly contribute to the total dark 
current and photocurrent. The actual size of the optically active layer can be signif¬ 
icantly larger than the junction area for the nominal junction areas of 100 x 100 pm 
or less with gradually decreasing responsivity at the borders. This should be taken 
into account in R 0 A product calculations. This effect is smaller in P + -n devices as 
a result of the shorter diffusion length in n-type material and in mesa structures. 103 
The perimeter generation of dark current can be practically eliminated in 3D struc¬ 
tures as a result of the physical limitation of the size of the absorber region. 27 

The fundamental bulk-generated diffusion dark current dominates at low re¬ 
verse, zero, and direct bias. Tunnel or avalanche multiplication currents arc seen 
at high reverse bias, resulting in a maximum of R„A at reverse voltages of 0.3- 
0.6 V, in dependence on bandgap, doping, and temperature. The zero-bias resis¬ 
tance is relatively low, which may be caused by the softness of the n + -p junction at 
high temperatures when p-type doping is comparable with intrinsic concentration. 
Auger generation at n + -p interface and Shockley-Read generation arc also possible 
dark current sources. 

Figure 6.17 compares temperature dependences of R () A for epitaxial P + -n (P + - 
n-N + , P + -n-n + ) and n + -p photodiodes. Calculated dependences are also shown 
for P + -n junctions for various doping levels. Typically P + -n devices exhibit junc¬ 
tion resistances of approximately one order of magnitude larger than that of n + -p 
homojunctions. The R () A values for the P + -n 4.6-pm devices at T ~ 200 K arc 
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Figure 6.17 Current-voltage characteristics and normalized resistance of MWIR photodi¬ 
odes optimized for operation at 4.6 pm at 200 K (x — 0.286). Experimental data for P-n 
diode taken from Ref. 42 and for n + -p from Ref. 104. Curves 1, 2, and 3 are calculated 
values for a P-n device with donor concentrations of 1 x 10 14 cm -3 , 1 x 10 15 cm -3 , and 
3 x 10 15 cm -3 , respectively. 

scattered in the range of a few tens of £2 cm 2 , reaching the limit due to Auger 
generation. 22 - 42 Therefore, improvements at temperatures ~200 K arc possible by 
reducing absorber doping. 

Series resistance is an important issue for uncooled devices with a cutoff wave¬ 
length larger than 4 pm. The main source of the series resistance is the resistance 
of the absorber region between the device perimeter and the remote contact. Series 
resistance is especially problematic of n + -p and related structures with a p-type 
base where the sheet resistance of the p-layer is large (hundreds ohms) while the 
junction resistance is low. Even 50 x 50 pm uncooled 4.5-pm devices exhibit re¬ 
sistance dominated by the series resistance. 

The series resistances are much lower in P + -n, and especially in P + -n-N + and 
P + -p-N + devices, due to a low sheet resistivity of the N + layer (few ohms/square 
or less) so the junction resistance dominates for areas less that lxl mm 2 . The 
uncooled, well-designed 4.5-pm P-n devices have resistances of a few tenths of 
flcm 2 . 102 

The internal radiative generation is an important mechanism for determining 
dark current in high-quality MWIR devices operating at near room temperatures. 105 
This happens when a photodiode is illuminated by radiation emitted by inactive re¬ 
gions of a single device or other devices in an array as shown in Fig. 6.18. No 
radiative generation occurs with a single-element device that is shielded from out¬ 
side radiation with reflective coatings. 106 
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(a) 


(b) 





Figure 6.18 (a) Random photon exchange between active element and nonactive regions; 
(b) various elements of an array with element size close to the array pith; and (c) various 
elements with a smaller size than the array pitch. 
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Figure 6.19 Schematic cross-section of a five-layer heterojunction photodiode. (Reprinted 
from Ref. 105 with permission from TMS.) 

An example is five-layer N + -N-7t-P-P + Hgj_ x Cd f Tc photodiodes (see 
Fig. 6.19) with adjusted doping and composition profiles; the dark currents due 
to Auger and contact diffusion mechanisms can be controlled, which leads to de¬ 
vices that are close to being radiatively limited at 240 K in the 3-5 pm spectral 
range. 105 The J-V curve shows good saturation of dark current (see Fig. 6.20). 
In Fig. 6.21, the reverse saturation current measured at a bias of 0.12 V is plot¬ 
ted against temperature, and this is compared with the prediction for the radia¬ 
tive current. Weak Auger suppression can be seen at 300 K. At low tempera¬ 
tures, dark current is mostly due to Auger generation in the absorber, and at in¬ 
terfaces, Shockley-Read generation may also play a role. The radiatively gener¬ 
ated current increases from approximately 10% at 200 K to 53% at 240 K and 
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Figure 6.20 Measured dark currents for a five-layer heterojunction photodiode with 4.2-pm 
cutoff wavelength. (Reprinted from Ref. 105 with permission from TMS.) 



100 150 200 250 300 

Sample temperature (K) 

Figure 6.21 Reverse current density of 0.12 V bias as a function of temperature. (Reprinted 
from Ref. 105 with permission from TMS.) 


65% at 300 K. The “dark” current of a detector in an array was found to depend 
on thermal radiation of adjacent devices; reduction of the current was observed 
when the neighboring devices were reverse-biased to reduce their thermal emis¬ 
sion. 

As these results show, the radiative generation may be an obstacle to achiev¬ 
ing background-limited performance. Negative luminescence, 105 metal, 34 and 
dielectric 106 shields are proposed to reduce radiatively generated current. 

The use of optical concentrators, such as immersion lenses, significantly im¬ 
proves the performance of uncooled photodiodes. 17 In addition to the main benefit 
of reduced physical size of the absoiption region, advantages include: 
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• Improved ratio of the junction to the series resistance; although the junc¬ 
tion resistance is at first approximation proportional to the area, the series 
resistance is less dependent on area; 

• Reduced capacitance by a factor of n 2 or n 4 for hemispherical and hyper- 
henrispherical immersion, which results in significant increases of cutoff fre¬ 
quency for A'C-limitcd devices; 

• Reduced bias current and heat dissipation; and 

• Reduced radiative generation [see Fig. 6.19(c)] due to reduced volumes that 
absorb or emit radiation. 

As a result, near background-limited performance is possible with uncooled 
and thermoelectrically cooled MWIR photodiodes. 102 

6.3.3 LWIR photodiodes 

The implementation of uncooled LWIR operation presents a significant challenge 
due to a low junction resistance, short diffusion length, and weak radiation absorp¬ 
tion. 

Consider uncooled ~ 10.6-pm photodiodes. The low R„A product means that 
even small-sized (50 x 50 pm 2 ) and well-designed detectors exhibit less than 1 £2 
zero bias junction resistances, which arc well below the series resistance of a N + - 
p-P + or P + -p-N + diode. 17 While such a junction will also exhibit very low noise 
voltages, this does not represent a viable solution for near - room temperature oper¬ 
ation because the external resistance of the device would be dominated by parasitic 
resistances; consequently, the system noise would be determined by the combined 
Johnson noise of the parasitic resistance and the noise of the preamplifier. As a 
result, the uncooled photodiodes of conventional design were inferior to photocon¬ 
ductors and PEM detectors operated with the same conditions. 

Reducing the size of the detector to 7 x 7 pm increases the junction resistance 
to ~ 50 ohms so the junction noise approaches the noise of the series resistance. 
However, small devices are too small for most practical applications. The use of 
optical immersion can significantly increase the optical size of the detector (to 
50 x 50 pm for CdTe hyperhenrispherical lenses). 

Significant increase in resistance can be achieved with thermoelectric cooling. 
Resistances of 11 £2 and 550 £2 arc expected for 50 x 50 pnr 2 nonimmersed and 
optically immersed devices at 220 K. When the ambipolar diffusion length is in¬ 
creased to 1.8 pm, the quantum efficiency increases to 56% with double pass of 
the radiation compared to 29% at 300 K. Operation at 200 K will increase the 
resistances to 28 £2 and 1.5 k£2, respectively, and quantum efficiency to 60%. 

Practical optically immersed LWIR photodetectors with CdZnTe or GaAs 
lenses have been developed and manufactured at Vigo System S.A. since 1989. 
The uncooled 10.6-pm devices were initially planar - n + -p Hgi_ A Cd x Te photodi¬ 
odes grown with ISOVPE. The device was supplied with a backside mirror. The 
immersion lens was prepared directly in CdZnTe substrates. Later, the n + -p de¬ 
vices were replaced with advanced heterostructures having a 3D gap and doping 
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Figure 6.22 (a) Schematic cross-section of small-area, 10.6-pm photodiodes for operation 
at 200-300 K. (b) Enlarged view of active element. 


level distribution of the mesa or buried absorber configuration (see Fig. 6.22). 34-58 
In these devices, the narrow-gap absorber is entirely surrounded by the wider-gap 
material, and the side walls are completely metallized. 

The best devices of this type exhibit voltage responsivities approaching 
100 V/W for the optically immersed devices with the apparent optical size at 
50 x 50 pm. Despite such a small active area, the parasitic impedance of the p-type 
layer and contact resistance of metallization to the p-region still contribute signif¬ 
icantly to the resulting resistance of the device (~50 £2). The Johnson-Nyquist 
noise-limited detectivity of the device is approximately 5 x 10 8 cmHz 1//2 AV. 
To make this detectivity practical, a preamplifier with noise voltage well below 
0.5 nV/Hz 1 / 2 is required. Preamplifiers with this noise level can be prepared using 
low-noise bipolar - transistors. 102 However, 2D readout integrated circuits (ROICs) 
with this noise level that can be used in hybrid arrays are not available at present. 
These detectors, which do not exhibit 1 // noise, can be operated at a wide fre¬ 
quency band starting from DC to approximately 1 GHz. 

The problems with series resistances are less severe with devices operating 
at the short-wavelength portion of the LWIR range—where 8-pm optimized de¬ 
vices have resistances one order of magnitude higher. Detectivities exceeding 
1 x 10 9 cm Hz i,2 /W and ~6 x 10 9 cm Hz l/2 /W have been measured with un¬ 
cooled A = 8.5 pm nonimmersed and optically immersed devices. 

Reflection at the CdZnTe-Hgi_ x Cd x Te interface to form an optical resonant 
cavity has been used at Vigo System S.A. in some uncooled and TE-cooled 10.6- 
pm devices designed for fast response times. Therefore, absorber thicknesses of 
~2.2 pm (less than the absorption depths) were used to reduce the diffusion time. 
The enhancement of responsivity was relatively modest (20-56%) as a result of 
a low (~4%) reflection coefficient at the interface. Much larger gains (~300%) 
have been obtained at the long-wavelength tail of the response when single-pass 
absorption is very low. 

Better resonant cavities would require structures with suitable Bragg reflectors 
at the Hgi_ x Cd x Te-CdZnTe interface. 27 Reducing the absorber thickness to the 
smallest thickness (A/4« ~ 0.75 pm) for the optical resonant cavity would signifi¬ 
cantly reduce the dark current and increase resistance. This should lead to uncooled 
zero-bias PV device detectivities of ~10 9 cm Hz l/,2 /W at ~10 pm with very short 




160 


Chapter 6 


response times. Such devices could be used for future image converters and fast 
receivers for optical communications. 

The use of two-stage TE coolers results in increased resistance by more than 
one order of magnitude. Detectivities of 4 x 10 9 cmHz^ 2 AV have been mea¬ 
sured at 192 K and wavelengths of 9 pm with Hgi_ A Cd A Te photodiodes immersed 
in Si lenses. 107 An optically immersed 10.6-p.m P + -p-N + device cooled with a 
two-stage Peltier cooler and detectivities of ~ 1.5 x 10 9 cmHz'^AV has been 
reported. 34 

The influence of series resistance is especially pronounced in large-area de¬ 
vices. An unlimited increase of the detector resistance for a given active device 
may be attainable through the use of multiple small-volume heterostructures with 
junctions parallel or perpendicular to the incident radiation and connected in a 
series. The R 0 of such a device is increased by a factor of N 2 , where N is the 
number of heterojunctions connected in a series, over that of a single detector with 
the same overall volume of narrow-bandgap material. This is a consequence of the 
reduced thermal generation volume of each individual cell, resulting in one factor 
of N increment while a further factor of N arises from the series connection of the 
individual junction elements. 

Consider a LWIR Hgi_ v Cd v Te detector with an optical area of 1 x 1 mm 2 and 
a signal wavelength of 10.6 pm that consists of 300 P + -p-n + cells, each with an 
optical area of 3000 pm 2 . The resulting R 0 is calculated to be ~7 k£2 and 28 kC 
at 300 K and 220 K, respectively. Correspondingly higher R„ values would be ex¬ 
pected for devices optimized for shorter signal wavelengths and/or lower temper¬ 
ature operation. The end result is that there is a corresponding increase in voltage 
responsivity due to the increased resistance of each individual detector element and 
to the summation of photovoltages generated in individual cells. 

Device fabrication technology, rather than fundamental physics, limits the size 
of each individual detector cell and the cell density. Both the dynamic resistance 
and voltage responsivity of the multi-junction PV detector continue to increase 
with increased cell density even when the length of the absorbing region within 
each cell is shorter than a diffusion length. 

Practical large-area multiple heterojunction devices have been fabricated on 
epilayers grown by isothermal vapor phase epitaxy of HgCdTe and in situ As p-type 
doping. 28 - 29 - 34 More advanced multiple heterojunction devices arc fabricated with 
MOCVD growth. 32 ' 54 ' 55 The detector structures arc formed using a combination 
of conventional dry etching, angled ion milling, and angled thermal evaporation 
for contact metal deposition (see Figs. 6.23 and 6.24). 

Figure 6.25 shows the performance of commercially available large-area FWIR 
photodetectors with multiple heterojunctions and optical immersion operating at 
near room temperatures. The multi-junction N + -p-P Hgi_ v Cd A Te heterostructure 
devices exhibit performances comparable to, or better than, existing near room 
temperature FWIR photoconductors and PEM detectors operated under the same 
conditions. Detectivities of optically immersed multiple heterostructure PV detec¬ 
tors exceeding 1 x 10 9 cm Hz l,/2 /W can be achieved at a signal wavelength of 
10.6 pm and for operation at 230 K. 
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Figure 6.23 Schematic cross-section of a multiple heterojunction photovoltaic detector. 



Figure 6.24 SEM image of a multi-heterojunction photodetector, where A is the mesa struc¬ 
ture, B is a trench, C is the nonmetallized wall, and D is the nonmetallized region of the 
device. 



(a) (b) 


Figure 6.25 Performance of photovoltaic detectors with multiple heterojunctions and optical 
immersion operating at near room temperatures manufactured at Vigo System S.A.: (a) un¬ 
cooled, (b) cooled with two-stage Peltier coolers. Curves show typical spectral curves while 
the shaded region shows the minimum and maximum performance at a given wavelength. 
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6.3.4 Practical stacked multiple-cell devices 

Stacked multiple-cell devices require the consecutive deposition of multiple very 
thin N + -p-P + layers. Therefore, the structures can be grown only with a low- 
temperature epitaxial technique that makes it possible to grow fully doped het¬ 
erostructures. MBE could be an ideal technique for this puipose if in situ As acti¬ 
vation is developed. 

Some attempts have been made to practically implement MOCVD growth. 31 - 108 
Several multiple-cell LWIR photodiodes were grown. One of these was a 10.6-pm 
uncooled three-cell photodiode based on N + -Hgo. 7 Cdo. 3 Te/p-Hgo. 83 Cdo.i 7 Te/P + - 
Hgo. 7 Cdo. 3 Te grown at 350°C and designed for uncooled operation (see Fig. 6.26 
and Table 6.2). The N + - and P + -layers were doped to the maximum level achiev¬ 
able with the applied technique. Improvement of voltage responsivity by a factor 
of approximately 2 has been observed, but the devices have shown relatively large 
resistance caused by the N + -P + junctions. The problem was partially solved by 
nan-owing the bandgap at the N + -P + interface and depositing a 0.05-pm HgTe 
layer on top of each P + -layer. Further efforts will be necessary to achieve the 
expected gains in practice. 



Figure 6.26 Three-cell stacked multiple detector. The back-side illuminated device is sup¬ 
plied with a reflector for double pass of radiation. 


Table 6.2 Configuration of three-cell stacked photodiodes. 


Layer 

Composition x 

Doping (cm 3 ) 

Thickness 

P+ 

0.3 

^4 x 10 17 

0.3 pm 

P 

0.17 

Rp x 10 17 

1.8 pm 

N+ 

0.3 

Rp x 10 18 

0.2 pm 

P+ 

0.3 

^4 x 10 17 

0.2 pm 

P 

0.17 

*P x 10 17 

1.8 pm 

N+ 

0.3 

Rp x 10 18 

0.2 pm 

P+ 

0.3 

^4 x 10 17 

0.3 pm 

P 

0.17 

*P x 10 17 

2.0 pm 

N+ 

0.3 

Rp x 10 18 

5.0 pm 

CdTe 

- 

- 

5.0 pm 

GaAs 

- 

- 

0.4 mm 
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6.3.5 Auger-suppressed photodiodes 

For a long time a group of British scientists was the only group to implement 
Auger-suppressed photodiodes. Practical realization of Auger-suppressed photo¬ 
diodes was impossible because there had been a lack of technology to obtain 
wide-gap P contacts to a Hgi_ A Cd A -Tc absorber region. Therefore, the first Auger- 
suppressed devices were III-V heterostructures with an InSb absorber. 18,109-111 
The first reported Hgi_ x Cd v Te Auger extracting diodes were so-called proximity- 
extracting diode structures (see Fig. 6.27), in which additional guard reverse-biased 
n + -n - junctions were placed in the current path between the p + and n + regions 
to intercept the electron injected from the p + region. Philips Components Ltd. 
fabricated practical proximity-extracting devices in both a linear and cylindrical 
geometry. 18 The devices were fabricated from bulk-grown Hg|_ x Cd t Tc with a 
cut-off wavelength of 9.3 pm at 200 K (x = 0.2). The acceptor concentration of 
8 x 10 15 cm -3 was due to native doping. The n + -regions were fabricated by ion 
milling. The I-V characteristics of such structures were complex and difficult to 
interpret because of the occurrence of bipolar transistor action and impact ioniza¬ 
tion, but the general features were predictable when the standard transistor mod¬ 
eling were applied. A current reduction at a factor of 48 was obtained by biasing 
the guard junction, but the extracted current was much greater than that predicted 
for an Auger-suppressed, Shockley-Read limited case. This is possibly due to a 
surface-generated current. 

The measured 500 K blackbody detectivity of a 320 pm 2 optical area device at 
a modulation frequency of 20 kHz was 1 x 10 9 cm Hz l/ 2 /W, which is the best ever 
measured value for any photodetector operated under similar conditions. 

The use of a wide-gap P contact is a straightforward way to eliminate harm¬ 
ful thermal generation in the p-type region. The practical realization of such de¬ 
vices would require well-established multilayer epitaxial technology capable of 
growing high-quality heterostructures with complex gap and doping profiles. This 
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Figure 6.27 Schematic structure of a proximity-extracting photodiode. (Reprinted from 
Ref. 18 with permission from IOP.) 
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Infrared 



Figure 6.28 A cross-section through part of a mesa diode array. (Reprinted from Ref. 21 
with permission from TMS.) 


technology became available in the early 1990s. Since then, three-layer n + -7t- 
P + , N+-7T-P+ heterostructural photodiodes have been demonstrated 112 and gradu¬ 
ally improved. 21,22, n1,113-115 The multilayer MOCVD process (IMP) has been 
used to grow the three-layer devices’ heterostructures on CdZnTe and GaAs 
substrates. 22 Arsenic has been used for acceptor doping and iodine for donor dop¬ 
ing. The doping has been introduced during CdTe cycles of IMP growth. Individual 
mesa diodes were defined by etching slots (Fig. 6.28) between adjacent devices. 

The arrangement of the photodiode in the optical resonant cavity makes it pos¬ 
sible to use a thin extracted zone without a loss in quantum efficiency, which is 
also favorable for reducing the saturation current. Additionally, this results in min¬ 
imizing noise and bias power dissipation. 

For low bias, the device behaves as a linear resistor until the electric field ex¬ 
ceeds the critical value for exclusion or extraction (Fig. 6.29). Then the current 
drops sharply from its maximum value / max , which further increases the voltage 
and gradually decreases the current to minimum 7 m i n . At high voltages, the current 
increase is due to diode breakdown. As a result, the dynamic resistance increases 
to high values in the regions close to the transition range. The devices have shown 
negative resistances for temperatures above 190 K. The minimum dark current 
(Fig. 6.30) follows the empirical expression 


/ m in = 1.3 x 10 4 exp 



(Eg in eV, A in micrometers). 


(6.27) 


When comparing the trend line for experimental results with expected dark 
current, significant Auger suppression is seen for the wavelength A > 6 pm. The 
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Figure 6.29 An example of current voltage characteristics of a P-p-N heterostructure show¬ 
ing the positions of / max and / min . (Reprinted from Ref. 116 with permission from TMS.) 
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Figure 6.30 / mm in P-p-N diodes as a function of cutoff wavelength. The trend line is shown 
as a dashed line. The results are compared with the leakage current expected for a p+-i 
junction and also with the current that would be generated in the n-region in the absence of 
Auger suppression. (Reprinted from Ref. 21 with permission from TMS.) 


shot noise detectivity calculated as Rj (2qJ mm ) is 


{Eg in eV, A in micrometers). (6.28) 

Figure 6.31 shows detectivity of Auger-suppressed N-p-P photodiodes as a 
function of wavelength and temperature calculated according to Eq. (6.28). This 
corresponds to A = 10.6 pm detectivities of ~ 1 x 10 9 cmHz'^AV and ~3 x 10 9 
cm Hz i,/2 /W at temperatures of 300 K and 200 K, respectively. The measured quan¬ 
tum efficiency often exceeded 100%, possibly as the result of the mixed conduc¬ 
tivity effects, impact ionization, or lateral collection. 


D* = 1.2 x lOqAexp 


( c lEg 
\ kT 
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Figure 6.31 Shot noise limited detectivity of Auger-suppressed N-p-P photodiodes as a 
function of wavelength and temperature. Quantum efficiency of 80% has been assumed. 

Auger-suppressed photodiodes have been used as 10.6-pm heterodyne 
receivers. 116 A noise equivalent power (NEP) of 2 x 10 -19 W/Hz at frequencies 
above the 1 // knee was deduced from heterodyne experiments for detectors oper¬ 
ating at 260 K with 0.3 mW local oscillator power. 

Auger-suppressed N-7T-P photodiodes grown by MBE using Ag as the acceptor 
and In as the donor dopant were also demonstrated. 60 The results show that fast 
Ag diffusion at the growth temperature does not necessarily preclude the use of 
Ag doping in devices. The onset of Auger suppression appears to occur at different 
voltages for the two different mesa diameters, but this is due to the different voltage 
drop across the series resistances for the two sets of diodes. The minimum reverse 
current density is si mi lar to that obtained in MOVPE-grown material at the same 
~9 pm cutoff wavelength at 300 K. Quantum efficiencies exceeding 100% have 
been measured and attributed to carrier multiplication due to the relatively high 
bias across the sample or to mixed conduction effects. 

More recently, improved N + -N”-7t-P~-P + Hgi_ x Cd x Te heterostructures with 
refined bandgap and doping profiles were reported. 22 ' 23 The N and P layers were 
used to minimize the generation of different composition between regions. The 
doping of the 7t-region was ~2 x 10 15 cm -3 . The thickness of the 7t-region was 
typically 3 pm wide, which ensured good quantum efficiency with a mesa contact 
acting as a reflector. All the layers were annealed at 220° C for 60 hours in Hg-rich 
nitrogen having the same temperature as the Hg reservoir. Mesa structures passi¬ 
vated with CdTe and ZnS were received. Several pre-passivation clean procedures 
have been tried: anodizing, HBr/Br etching, and citric acid etching. Some of the 
CdTe passivated devices were annealed at 220°C for 30 hours in Hg-rich nitrogen 
for the puipose of interdiffusing CdTe/HgCdTe to produce a graded interface. 
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Figure 6.32 Room temperature l-V and differential resistance of an Auger-suppressed pho¬ 
todiode as a function of bias. (Reprinted from Ref. 23 with permission from TMS.) 


The I-V curves with a rapid decrease of dark current from 7 max to I m j n have 
been observed (see Fig. 6.32). Some hysteresis effects due to series resistance can 
be seen. Peak-to-valley ratios up to 35 have been observed with extracted saturation 
current densities of 10 A/cm 2 and shot noise detectivities of ~3 x 10 9 cmHz'^AV 
in uncooled ~10 pm cutoff wavelength diodes, which is an improvement by a 
factor of approximately 3 compared to earlier results. 23 

The residual dark current is a result of residual Auger generation (in the de¬ 
pleted zones and at interfaces), Shockley-Read generation in the whole structure 
region, and the surface leakage currents. 

The present Auger-suppressed devices exhibit a high low-frequency noise with 
1 // knee frequencies ranging from 100 to a few MHz for ~ 10 pm devices at room 
temperature. This reduces their SNR at frequencies of ~1 kHz to a level below 
that for equilibrium devices. The 1 // noise remains the main obstacle to achieving 
background-limited NETD in 2D arrays at near room temperatures. 

The 1 // noise level is much lower in MWIR devices, and they appear to be 
capable of achieving useful D* values for imaging applications in very high frame 
rate or high speed choppers. 3,117 Typically, the low-frequency noise current is pro¬ 
portional to the bias current with a~2x 10 -4 . 

Recently, the HOTEYE thermal imaging camera (based on a 320 x 256 FPA 
with 4-pm cut-off wavelength at 210 K) has been demonstrated (see Fig. 6.33). 117 
The pixel structures were P + -p-N + starting from the GaAs substrate. The his¬ 
togram peaks were measured at an NEDT of around 60 mK with f/2 optics. When 
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(a) 



Figure 6.33 The HOTEYE camera: (a) housed in a compact encapsulation 12 x 12 x 30 cm 
(including lens); (b) typical image. (Reprinted from Ref. 117.) 


the optimum bias was selected for each pixel, an improvement in the NEDT his¬ 
togram was observed. However, this procedure was problematic. A sample of the 
HOTEYE camera image is shown in Fig. 6.33(b). 

The reason for the large 1// noise is not clear. 14,23 Traps in depletion 
region, 118 high field areas, 119 hot electrons, 120 and background optical genera¬ 
tion 121 arc among some of the possible reasons. Attempts to find the source of 
the 1 // noise using the perimeter-area analysis resulted in partly contradictory 
results. 23 It was found that for a ~50-pm-diameter diode, the perimeter contributes 
33% of the leakage and 57% of the noise power. Some reduction of the 1// noise 
has been achieved with low-temperature annealing. CdTe passivation was found to 
give better stability than ZnS. 
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Figure 6.34 Schematic of a six-layer extracted photodiode with a wider-gap P layer located 
between the absorber and the N-N+ contact. 


It may be possible to reduce the 1 // noise by reducing the dark current and/or 
the /„// ratio with improved material technology and better device design. 

For MWIR devices, the origin of the noise is suspected to be the depletion 
region, exponentially dependent on bandgap: 


noise oc exp (- 

F V 2 kT 

A modified junction-enhanced semiconductor structure (JESS) with an addi¬ 
tional electron barrier near the N + side of the active region (Fig. 6.34) has been pro¬ 
posed to reduce 1// noise. 14 Excellent reverse bias characteristics with increased 
breakdown voltage and high quantum efficiency were observed in this structure, 
but thus far no significant improvement in low-frequency performance has been 
obtained. 

At present, an exotic hetero-junction photo-JFET with a wide-bandgap gate and 
advanced heterostructures with separated extraction and signal contacts is under 
consideration as a promising HOT device for 2D arrays, but no clear pathway to 
eliminating the low-frequency problem has been demonstrated yet. 122 
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Photoelectromagnetic, 
Magnetoconcentration, and 
Dember IR Detectors 


Aside from photoconductive detectors and photodiodes, three other junctionless 
devices have been used for uncooled IR photodetectors: photoelectromagnetic (or 
PEM) detectors, magnetoconcentration detectors, and Dember effect detectors. 
Certainly they arc niche devices, but they are still in production and used with im¬ 
portant applications, including very fast uncooled detectors with long-wavelength 
IR radiation. The devices have been reviewed by Piotrowski and Rogalski. 1 

7.1 PEM Detectors 

The first experiments on the PEM effect were performed with CU 2 O by Kikoin and 
Noskov in 1934. 2 Nowak’s monograph summarizes the results of his investigations 
on the PEM effect, 3 which have been replicated worldwide during the last 60 years. 
For a long time, the PEM effect has been used mostly for InSb room temperature 
detectors in the middle- and far-IR band. However, the uncooled InSb devices with 
cutoff wavelength at ~7 pm exhibit no response in the 8-14 pm atmospheric win¬ 
dow and relatively modest performance in the 3-5 pm window. Hgi_ v Cd A Te and 
closely related Hgi_ A Zn v Te and Hgi_ A Mn A Te alloys made it possible to optimize 
performance of PEM detectors at any specific wavelength. 4 

7.1.1 PEM effect 

The PEM effect is caused by diffusion of photogenerated carriers due to the photo- 
induced carrier in-depths concentration gradient and by deflection of electron and 
hole trajectories in opposite directions by the magnetic field (Fig. 7.1). If the sam¬ 
ple ends are open-circuit in the x-direction, a space charge builds up that gives 
rise to an electric field along the x axis (open-circuit voltage). If the sample ends 
are short-circuited in the x-direction, a current flows through the shorting circuit 
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Figure 7.1 Schematic of the PEM effect. 

(short-circuit current). In contrast to photoconductors and PV devices, the genera¬ 
tion of PEM photovoltage (or photocurrent) requires not simply optical generation, 
but instead, the formation of an in-depth gradient of photogenerated carriers. Typi¬ 
cally, this is accomplished by nonhomogeneous optical generation due to radiation 
absoiption in the near surface region of the device. 

7.1.1.1 Transport equations in a magnetic field 

Generally, the carrier transport in PEM devices cannot be adequately described 
by analytical methods and therefore require a numerical solution. Consider the as¬ 
sumptions that make it possible to obtain analytic solutions: homogeneity of the 
semiconductor, nondegenerate statistics, negligible interface and edge effects, in¬ 
dependence of material properties on the magnetic and electric fields, and equal 
Hall, and drift mobilities. The transport equations for electrons and holes both in x 
and y take the form of 


Jhx — qp Ph Ex -f- L1 /; B Jky , 

dp 

Jhy = qP Ph Ey p/ ; BJhx q B) j: — , 

dy 

J e x = qnp e E x PeB J e y, 


(7.1) 

(7.2) 

(7.3) 


and 


7 ey — q n Pe Ey T Pe BJ ex -j- q D e 


dn 
dy' 


(7.4) 


where B is the magnetic field in the z direction, E x and E y arc the x and y compo¬ 
nents of the electric field, J ex and J ey are the x and y components of the electron 
current density, and J/ 1X and 7/, v are the analogous components of the hole current 
density. 5 

E y can be eliminated in Eqs. (7.1)-(7.4) with the condition 


Jy Jgy T JJiy 0 . 


(7.5) 
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The other equation to be used is the continuity equation for y-direction cur¬ 
rents: 


dJhy 

dy 


d Jgy 

dy 


— q(G — R), 


(7.6) 


where G and R denote the carrier generation and recombination rates, respectively. 

As a result, a nonlinear second-order differential equation for p can be obtained 
from the set of transport equations for electrons and holes, 


A 2 



+ Ai 



+ Aq 


dp 

dy 


— (G — R) = 0, 


(7.7) 


where A 2 , A\, and Ao are coefficients dependent on the semiconductor parameters 
and the electric and magnetic fields. Equation (7.7) with the boundary conditions 
for the front-side and back-side surfaces determines the hole distribution in the 
y-direction. The electron concentration can be calculated from the electric quasi¬ 
neutrality equations. Consequently, the x-direction currents and the electric fields 
can be calculated. 


7.1.1.2 Lile solution 

Lile reported the analytical solution for the small-signal, steady-state PEM 
photovoltage . 5 The voltage responsivity of the PEM detector that can be derived 
from the Lile solution 4 - 6 - 7 is 

= A B cxz(b + 1) Z(1 -n) 

1 he wt m (b + z 2 ) Y ( a 2 — oc 2 ) ’ 

where b = \i e / p./,, z = p/ni, w and t arc the width and thickness of the detector, 
r\ is the front reflectance, and a is the reciprocal diffusion length in the magnetic 
field equal to 


a = 


(1 - [i z e B z )z 2 +b(l + p z h B z ) 
L 2 Az 2 + 1) 


1/2 


(7.9) 


Z and Y are 


Z — [(a — s 2 a 2 r ) + (a+sia 2 T) exp(af)] cosh(— <xt) — a[(l — siocT) — (1 + s\oet) 

x exp(—a/)] sinh(at) — [(a+sqa 2 !:) + (a — s 2 a 2r x ) exp(—at)], (7.10) 

Y — fl[flT( 5 i-|- 5 ' 2 )cosh(a/ : ) + (l + s\s 2 a 2 r 2 ) sinh(af)] 

(b+ l) 2 Z 2 PeAhB 2 ( 2 2\ 2 (0 n 2. t , ^ 

a ]n ( -{2 — [2 — a fT(si+5i)J 


-r-lfl 2 

a 2 (a 2 - cx 2 )L~t(b+z 2 )(l+z 2 )nj 

x cosh(at) — a[r(.V| +.V2) — t(l + s\s 2 a 2r x 2 )^ sinh(a:t)}, 


(7.11) 
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where p and so arc the surface recombination velocities at the front and back 
surfaces. If r 2 > 0, multiple reflections occur, and the resulting voltage responsivity 
can be calculated by summarizing the contributions from consecutive radiation 
passes. 

The sheet resistivity of the PEM detector is 


R = 


zl 


2_2.,2 d 2 -i—l 


1 - 


b(b + iyz z v£B 


qni\Xh(b+z 2 )ivt [_ a 2 L 2 (\ - z 2 )(b+z 2 )] 


(7.12) 


Since the PEM detector is not biased, Johnson-Nyquist noise is the only noise 
of the device: 


Vj = ( 4kTRAf ) l/2 , 
so the detectivity can be calculated from 

D *_ R V (AAf)V 2 

Vj 

The PEM photovoltage is generated along the length of the detector so that the 
signal linearly increases with the length of the detector and is independent on the 
device widths for the same photon flux density. This results in a good responsivity 
for large-area devices, which is in contrast to conventional junction PV devices. 

An analysis of Eq. (7.8) indicates that the maximum voltage responsivities can 
be reached for lightly doped p-type material in magnetic fields B ~ l/p e . 4,6-8 
The advantage of p-type materials is reduced Auger generation and recombination, 
increased ambipolar diffusion length, absoiption coefficient, and resistance. 

As has already been pointed out, the optical absoiption in Hgi_ x Cd x Te used 
for uncooled long- wavelength PEM is weak while the absoiption depth is typi¬ 
cally larger than the diffusion length. Therefore the radiation is almost uniformly 
absorbed within the ambipolar diffusion length. This results in a low concentration 
gradient of excess carriers, and consequently, poor performance of PEM devices. 
The gradient may be induced by the difference in recombination velocities at the 
front-side and back-side surfaces. Figure 7.2 shows how a low recombination ve¬ 
locity at the front surface and a high recombination velocity at the back surface 
are important for PEM detector responsivity. The surface recombination velocity 
required for ultimate performance is quite high (~10 4 m/s). In devices with a large 
difference of recombination velocities and a thickness shorter than the absorption 
length, the polarity of signal reverses with a change of illumination direction from 
the low to the high recombination velocity surface while the responsivity remains 
almost unchanged. 

Figure 7.3 shows the properties of detectivity-optimized room temperature 
10.6-pm Hg|_ x Cd x Te PEM detectors as a function of doping. 6-8 The best per¬ 
formance is achieved with p-type material doped to ~2 x 10 17 cm -3 . Due to the 


(7.13) 


(7.14) 
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Figure 7.2 Dependence of voltage responsivity on surface recombination velocity for single- 
and double-pass of radiation The following parameters were used: A = 10.6 pm, T = 300 K, 
N a = 1.5 x 10 17 cm -3 , w = 1 mm, t = 3 pm, r-\ =0, and ,v-| = 0. 
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Figure 7.3 Sheet resistivity, voltage responsivity, detectivity, and response time of uncooled 
10.6-pm Hgi_,.Cd A Te PEM detectors as a function of acceptor doping. 


high mobility of minority carriers in p-type devices, a magnetic field of ~2 T is 
sufficient for good performance. 

The voltage responsivity of the detectivity-optimized device is ~0.6 V/W. 
The maximum theoretical detectivity of an uncooled 10.6-urn device is ~3.4 x 
10 7 cm Hz I/2 /W, which is by a factor of ~3 below the theoretical G-R limit. 
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Figure 7.4 Schematic cross-section of the stacked multilayer active element of PEM detec¬ 
tors. 

The calculated optimum thickness (~3 pm) is close to the ambipolar diffu¬ 
sion length in a magnetic field. This is less than the optimum thickness for a G-R 
limited device (see Chapter 2). Therefore, the quantum efficiency and ultimate per¬ 
formance of uncooled LWIR PEM devices is below the G-R limit. 

In principle, the performance of PEM detectors could be improved by using 
stacked multilayer devices composed of thin layers (t < I /a) with high and low 
surface recombination velocities on opposite surfaces (Fig. 7.4) and the total thick¬ 
ness of absorbing layers close to absoiption depths. In such a device, the photogen¬ 
erated carriers in each absorbing layer can reach the high recombination velocity 
surface before recombining in volume, and the IR radiation that is not absorbed in 
top layers can be used for generation in the bottom layers. The individual layers are 
electrically connected in series or parallel, increasing the resulting photovoltage or 
photocurrent, respectively. 

Cooling to 200 K can increase the detectivity of a PEM detector by 1 order of 
magnitude. The devices, being relatively bulky, are more difficult to cool than other 
detectors. 

The analysis of PEM detectors prepared from graded gap structures can be 
made numerically. 9 - 10 Although the grading gap structures offer no inherent ad¬ 
vantages in terms of ultimate detectivity, the optimized graded gap structures make 
it possible to obtain good performance without high surface recombination velocity 
at the backside surface. 

Significant improvements in performance can be achieved using optical inter¬ 
ference within a device. 1 - 3 - 4 - 8-11 In such a device, a large gradient of optical gen¬ 
eration can be achieved even in a weakly absorbing material; as a result, a high 
recombination velocity is no longer a necessary condition for high response. The 
spectral response of a resonant cavity PEM detector is highly selective, which may 
be a disadvantage in some applications. 

The response time of a PEM detector may be determined either by the RC 
time constant or by the decay time of the gradient of excess charge carrier 
concentration. 4 Typically, the RC time constant of uncooled long wavelength de- 
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vices is low (<0.1 ns) due to the small capacitance of high-frequency optimized 
devices (~1 pF or less) and low resistance (~50 £2). 

The gradient’s decay of the carrier’s concentration may be caused by the vol¬ 
ume recombination or by ambipolar diffusion. While the first mechanism reduces 
excess concentration, the second one tends to make the excess concentration uni¬ 
form. Therefore, the response time can be significantly shorter than the recombina¬ 
tion time if the thickness is shorter than the diffusion length. The resulting response 
time is 


1 _ 1 2D, 

T ef ~ T t 2 


(7.15) 


For a p-type HgCdTe device with a thickness t of 2 pm, the response time is ~5 x 
10“ 11 s. Even shorter response times are achieved with thinner layers, but at the 
cost of radiation absorption, quantum efficiency, and detectivity. 


7.1.2 Practical HgCdTe PEM detectors 


A bulk FlgCdTe-based PEM detector was demonstrated for the first time by Giriat 
and Grynberg. 12 Later this was significantly improved by the use of epitaxial 
layers. 4 ' 6-11 The devices are now commercially available. 13 

7.1.2.1 Fabrication 

Only epitaxial devices are manufactured at present. 8 ' 14 ' 15 The preparation of PEM 
detectors is essentially very similar to that of photoconductive ones—with the ex¬ 
ception of the back surface preparation. In this case, the PEM device is subjected 
to a special mechanochemical treatment to achieve a high recombination veloc¬ 
ity. This procedure is not mandatory when using graded gap structures. Electrical 
contacts are usually made by Au/Cr deposition, and gold wires are then attached. 
Figure 7.5 shows the cross-section of a sensitive element of a PEM detector. 

Figure 7.6 shows schematically the housings of PEM detectors, which are based 
on standard TO-5, or for larger elements, on TO-8 transistor cans. Frequently, the 


Incident radiation 



Figure 7.5 Cross-section of a backside-illuminated sensitive element of a PEM detector. 
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Figure 7.6 Schematic of (a) the housing of an ambient temperature PEM detector; 
(b) a thermoelectrically cooled, optically immersed PEM detector; and (c) a picture of 
high-frequency optimized specialized housing. (Reprinted with permission from a Vigo Sys¬ 
tem S.A. data sheet.) 


PEM detectors are accommodated in housing dedicated for high-frequency oper¬ 
ation. The active elements are mounted in a housing that incorporates a miniature 
two-element permanent magnet and pole pieces. Magnetic fields approaching 2 T 
are achievable with the use of modern rare-earth magnetic materials for the perma¬ 
nent magnet and cobalt steel for the pole pieces. 

7.1.2.2 Measured performance 

Figure 7.7 shows measured spectral detectivity of an uncooled epitaxial 
Hgi_ x Cd v Te optimized for 10.6-pm operation. The best devices exhibit measured 
voltage responsivity exceeding 0.15 V/W (width of 1 mm) and detectivities of 
1.8 x 10 7 cm Hz I/2 /W, a factor of approximately 2 below the predicted ultimate 
value. 4 The reason for this is a lower (than optimum) magnetic field and faults 
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Figure 7.7 Measured spectral detectivity of uncooled 10.6-pm Hgi_ v Cd v Te PEM detec¬ 
tors. 
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in detector construction, which are probably nonoptimum surface processing and 
material composition/doping profile. 

The fast response of PEM detectors has been confirmed by observations of 
CO 2 laser self-mode-locking 4 and free-electron laser experiments. 16 When detect¬ 
ing ordinary or low-repetition-rate short pulses, signal voltages up to V arc 
obtained with 1-mm-long detectors, but they are limited by strong optical excita¬ 
tion effects. The maximum signal voltages for chopped CO 2 radiation arc much 
lower due to radiation heating. In good heat-dissipation design devices, they ex¬ 
ceed 30 mV per mm. 

Both the theoretical and measured performances of PEM detectors arc inferior 
to those of PC detectors. However, PEM detectors have additional important advan¬ 
tages that make them useful in many applications. In contrast to photoconductors, 
they do not require electric bias. The frequency characteristics of PEM detector 
are flat over a wide frequency range, stalling from zero frequency. This is due to 
a lack of low-frequency noise and a very short response time. The resistance of 
PEM detectors does not decrease with increasing size, which makes it possible to 
achieve the same performance for small- and large-area devices. With a resistance 
typically close to 50 fT the devices arc conveniently coupled directly to wideband 
amplifiers. 

The performance of PEM detectors can be improved by using an optical reso¬ 
nant cavity and optical immersion. 4 With the use of interference, a gain in both 
voltage responsivity and detectivity can be achieved by a factor >4. Practical 
optically-immersed PEM devices with lenses formed in transparent substrates of 
HgCdTe epilayers, in which the expected immersion gain was achieved, have been 
reported. 4 - 17 The size reduction of active elements makes it possible to achieve a 
strong magnetic field with small magnets. 

PEM detectors also have been fabricated with other HgTe-based ternary al¬ 
loys: Hgi_ x Zn x Te 18 and Hgi_ A Mn Y Te. 19 However, the use of Hg|_ v Zn v Te and 
Hgi_ x Mn v Tc appears to offer no advantages when compared to Hgi_ x Cd x Te in 
terms of performance and speed of response. 

7.2 Magnetoconcentration Detectors 

If a semiconductor plate is electrically biased and placed in a crossed magnetic 
field, then the spatial distribution of electron-hole pairs along the crystal section 
deviates from the equilibrium value. This is the so-called magnetoconcentration 
effect. Such redistribution is efficient in a plate whose thickness is comparable to 
a charge carrier’s ambipolar diffusion length. The Lorentz force deflects electrons 
and holes drifting into the electric field in the same direction, which results in an 
increase in carrier concentration at one surface and a decrease at the opposite one, 
in dependence on the direction of the magnetic and electric fields. 

The sample shown in Fig. 7.8 has a small recombination velocity at the front¬ 
side surface and a high recombination velocity at the back side. This sample is 
especially interesting for IR detector and source application: When Lorentz force 
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Figure 7.8 Magnetoconcentration effect (depletion mode). Electrons and holes are pushed 
by action of the Lorentz force toward the back-side surface with a high recombination veloc¬ 
ity. 

moves carriers toward the high recombination velocity surface (depletion mode), 
the carriers recombine there, which results in volume depletion with the exception 
of the region close to the high surface recombination surface. With the opposite 
direction of the Lorentz force (enrichment mode), the carriers are moved toward 
the low recombination velocity surface, and are replenished by the generation at 
the high recombination velocity surface. Changes in the carrier concentration will 
result in positive or negative luminescence. 20,21 

Djuric and Piotrowski proposed to use the depletion mode magnetoconcentra¬ 
tion effect to suppress the Auger effect. 22-25 They have performed numerical sim¬ 
ulation of the magnetoconcetration devices and reported the first practical devices. 
Theoretical analysis of magnetoconcentration devices can be done only by numeri¬ 
cal solution of the set of transport equations for electrons and holes in the presence 
of a magnetic field [see Eqs. (7.1)—(7.4)]. The steady-state numerical analysis was 
performed by solving the equations using the fourth-order Runge-Kutta method. 

The I-V characteristic, differential sheet resistance, and bias power dissipation 
density as a function of electric field are shown in Fig. 7.9. The I-V plot has three 
characteristic regions. At low electric fields, depletion does not occur, and the plot 
exhibits ohmic behavior. At higher fields, the plot becomes sub-ohmic, followed 
by a region of negative resistance as a result of semiconductor depletion. Negative 
resistance occurs when the carrier concentration decreases faster than drift velocity 
increases. At a very high field, when the majority carrier concentration saturates at 
the extrinsic level, the I-V plot again becomes linear with a high resistance corre¬ 
sponding to extrinsic concentration. 

Figure 7.10 shows calculated parameters of a magnetoconcentration detector 
as a function of the electric field. The noise current, which at zero electric field is 
determined by Johnson-Nyquist noise, initially increases with the field, achieving 
a maximum and then steadily decreasing. The decrease in noise and improvement 
in detectivity are a result of suppressed Auger-generation noise. Although the de¬ 
pletion and Auger suppression begin at a relatively low electric field (~40 V/cm), 
the dependence of the noise current and detectivity on electric field is quite soft; 
as a result, the saturation at the extrinsic level occurs at much stronger fields 
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Figure 7.9 The l-V characteristics (/), differential sheet resistance (Rj), and bias power 
dissipation ( P ) as a function of electric field. The calculations have been performed for a 
detector size of 1 x 1 mm 2 . The following parameters were used: x = 0.18, Nj = 10 12 cm -3 , 
T = 225 K, t — 15 pm, .si = 60 cm/s, and si = 10 6 cm/s. 



Figure 7.10 The current responsivity (/?,-), noise current (/„), and detectivity (£>*) of a mag¬ 
netoconcentration 10.6-pm Hgi__ T Cd. v Te photodetector as a function of the electric field, 
where l = w= 1 mm. The remaining parameters are the same as those defined for Fig. 7.9. 


(~600 V/cm). Near-BLIP performance seems to be achievable with two-stage ther¬ 
moelectric cooling. 

Ohmic contacts may introduce significant thermal generation and may prevent 
depletion in the nearby region. This may be important for small-sized devices hav¬ 
ing a length comparable to the diffusion length. 

Practical 10.6-pm uncooled and thermoelectrically cooled magnetoconcentra¬ 
tion detectors have been reported. 26 The expected shape of the I-V curve with 
current saturation, negative resistance, and oscillation regions was observed (see 
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E (V/cm) 

Figure 7.11 Measured current voltage characteristic of an uncooled Hgi_ v Cd v Te 10.6-nm 
magnetoconcentration detector, where B = 21 and N a = 6.2 x 10 15 cm -3 . 

Fig. 7.11). The devices exhibited a large low-frequency noise when biased to 
achieve a sufficient semiconductor depletion. Anomalously high noise has been 
generated in the region of negative resistance. A significant noise reduction and 
performance improvement was observed at high frequencies (>100 kHz) with 
careful selection of a bias current. With such properties, the devices arc suitable 
only for some broadband applications; further efforts are necessary to make them 
useful in typical applications. Very good heat dissipation is necessary; increasing 
temperature with bias may result in thermal generation that prevents observing 
magnetoconcentration depletion. 

7.3 Dember Detectors 

A Dember detector is a type of PV device that is based on bulk photodiffusion 
voltage in a simple structure with only one type of semiconductor doping supplied 
with two contacts. 27 When radiation is incident on the surface of semiconductor¬ 
generating electron-hole pairs, a potential difference is usually developed in the 
direction of the radiation (see Fig. 7.12) as a result of the difference in diffusion of 
electrons and holes. The Dember effect electrical field restrains the electrons with 
higher mobility while holes are accelerated, thus making both fluxes equal. 

The Dember effect device can be analyzed by solving the transport and conti¬ 
nuity equations and by assuming zero total currents in the x and y directions. The 
steady-state photovoltage under the conditions of weak optical excitation , assum¬ 
ing electroneutrality, can be expressed as 

t 

V d = f E z (z)dz=— yLe ~^ h [An(0) - An(t)], (7.16) 

J q n 0 \± e +p () ]±h 

0 

where E z is the electric field in the "-direction and A n(z) is the excess electron 
concentration. 28 As this expression shows, two conditions are required for photo¬ 
voltage generation: the distribution of photogenerated carriers should be nonuni- 
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Incident radiation 



form and the diffusion coefficients of electrons and holes must be different. The 
gradient may result from nonuniform optical generation and/or from different re¬ 
combination velocities at the device’s front and back surfaces. 

For boundary conditions at the top and bottom surface. 


3 An 

D„ —— = ji An(0) at z = 0, 


and 


D n 


3 z 

3 An 
dz 


— s 2 An(t) at z = t. 


(7.17) 

(7.18) 


The voltage responsivity 29 can be expressed as 
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and 

r i = (7 ‘ 24) 

An analysis of Eqs. (7.19)—(7.24) shows that the maximum response can be 
achieved for 

• Optimized p-type doping, 

• A low surface recombination velocity and a low reflection coefficient at the 
illuminated side contact, and 

• A large recombination velocity and a large reflection coefficient at the non- 
illuminated side contact. 

Since the device is not biased and the noise voltage is determined by the 
Johnson-Nyquist thermal noise, the detectivity [see Eq. (7.14)] can be calculated 
from Eq. (7.19) and the expression for the Johnson-Nyquist noise [see Eq. (7.13)]. 

The theoretical design of Hgi_ x Cd x Te and practical Dember effect detectors 
have been reported. 4,26,29 The best performance is achievable for a device thick¬ 
ness slightly larger than the am hi polar diffusion length. More thin devices exhibit 
a low voltage responsivity while more thick devices have excessive resistance and 
large related Johnson noise. 

Figure 7.13 shows the calculated resistivity, detectivity, and bulk recombina¬ 
tion time for the uncooled 10.6-pm Dember detector with detectivity-optimized 
thickness. 4 As in the case of PEM detectors, the best performance is achieved in 



N,(10' 7 cm 3 ) 


Figure 7.13 The calculated normalized resistivity (RA), normalized responsivity (R V A), de¬ 
tectivity (£>*), and bulk recombination time (t) of an uncooled 10.6-pm Hgi_ A Cd. v Te Dember 
detector as a function of the acceptor concentration. 
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p-type material. The calculated detectivity of Dember detectors is comparable to 
that of photoconductors operated under the same conditions. Detectivities as high 
as ~2.4 x 10 s cmHz'^AV and of ~2.2 x 10 9 cmHz'^AV arc predicted for opti¬ 
mized 10.6-pm devices at 300 K and 200 K, respectively. 

An interesting feature of the Dember device is a significant photoelectric gain 
that is larger with a zero-bias condition. For optimum doping, the gain is approxi¬ 
mately 1.7 and increases with decreasing thickness. The gain is caused by ambipo- 
lar effects. At zero bias and with a shorter device, the photogenerated electrons may 
Ravel several times between contacts before the holes will recombine or diffuse to 
the backside contact. 

Very low resistances, low voltage responsivities, and noise voltages well below 
the noise level of the best amplifiers pose serious problems in achieving the poten¬ 
tial performance. For example, the optimized uncooled 10.6-pm devices with only 
7x7 pm 2 size will have a resistance of ~7 £2, voltage responsivity of ~82 V/W, 
and noise voltage of ~0.35 nV/Hz 1 / 2 . The low resistance and the low voltage 
responsivity are the reasons why simple Dember detectors cannot compete with 
other types of photodetectors. But there arc some potential ways to overcome these 
difficulties. One is to connect small-area Dember detectors in a series. For ex¬ 
ample, to obtain reasonable resistance (~50 £2) in a I mm 2 total area sensitive 
element of an uncooled 10.6-pm detector, it is necessary to divide its area into 
400 50 x 50 pm 2 elements, connected in series with low resistance interconnec¬ 
tions, which is feasible with modern fabrication techniques. The other possibility 
is to use optical immersion. Detectivities as high as ~ 1.7 x 10 9 cm Hz l,2 /W and 
1.5 x 10 10 cmHz'^AV are possible at 300 K and 200 K in optimized optically 
immersed 10.6-pm devices. 4 

Due to excess carriers’ ambipolar diffusion, the response time of a Dember 
detector is shorter than the bulk recombination time and can be very short for a 
device whose thickness is much less than the diffusion length. By shortening the 
p-type doping with some expense in performance, the response time of detectivity 
optimized devices is approximately 1 ns. The high-frequency optimized Dember 
detectors should be prepared from heavily doped material and the thickness should 
be kept low. For example, for detectors with N a = 5 x 10 17 cm -3 and t = 2 pm, 
t is ~50 ps. Another possible limitation of response time, the RC constant, is not 
important due to a low resistivity and low capacity of the Dember detector. 

Faster and higher-performance Dember detectors can be achieved by using the 
interference effect. The optimized optical resonant cavity for uncooled 10.6-pm 
Dember detectors can achieve detectivity by a factor of 5 higher than that of non¬ 
interference devices. 

The need for a contact with a low surface recombination velocity and a low 
reflection coefficient at the illuminated side is, perhaps, the main obstacle to im¬ 
plementing practical devices. Remote or heterojunction contacts can be used with 
the expense of increased series resistance and related Johnson noise. 

Figure 7.14 is a schematic of a small-sizes, optically-immersed Dember effect 
detector manufactured by Vigo System S.A. 4 The sensitive element has been pre¬ 
pared from Hgi_ A Cd A Tc graded gap epilayers grown by isothermal vapor phase 



194 


Chapter 7 


IR radiation 



Figure 7.14 Schematic cross-section of an experimental monolithic optically immersed 
Dember detector. 


Metallization 

Graded aap 
p-HgCdTe 


Figure 7.15 Multiple-cell Dember device illuminated from the back side via the substrate. 



Incident radiation 


epitaxy and supplied with a hyperhemispherical lens formed directly in the trans¬ 
parent (Cd.Zn)Te substrate. The surface of the sensitive element was subjected to 
a special treatment to produce a high recombination velocity and covered with re¬ 
flecting gold. The “electrical” size of the sensitive element was 7x7 pm 2 ; due 
to the hyperhemispherical immersion, the apparent optical size was increased to 
~50 x 50 pm 2 . Multiple cells connected in series Dember detectors (see Fig. 7.15) 
have been used for large-area devices. 

HgCdTe Dember detectors have found application in high-speed laser beam 
diagnostics of industrial CCF lasers and other applications that require fast opera¬ 
tional speeds. 30 
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Lead Salt Photodetectors 


Around 1920, Case invesdgated the thallium sulfide photoconductor—one of the 
first photoconductors to give a response in the near IR region to approximately 
1.1 pm. 1 The next group of materials to be studied was the lead salts (PbS, PbSe, 
and PbTe), which extended the wavelength response to 7 pm. PbS photoconduc¬ 
tors from natural galena found in Sardinia were originally fabricated by Kutzscher 
at the University of Berlin in the 1930s. 2 However, for any practical applications 
it was necessary to develop a technique for producing synthetic crystals. PbS thin- 
film photoconductors were first produced in Germany, next in the United States at 
Northwestern University in 1944, and then in England at the Admiralty Research 
Laboratory in 1945. 3 During World War II, the Germans produced systems that 
used PbS detectors to detect hot aircraft engines. Immediately after the war, com¬ 
munications, fire control, and search systems began to stimulate a strong develop¬ 
ment effort that has extended to the present day. After 60 years, low-cost, versatile 
PbS and PbSe polycrystalline thin films remain the photoconductive detectors of 
choice for many applications in the 1-3 pm and 3-5 pm spectral range. Current 
development with lead salts is in the FPAs configuration. 

The study of the IV-VI semiconductors received fresh impetus in the mid 1960s 
with a discovery at Lincoln Laboratories: 4,5 PbTe, SnTe, PbSe, and SnSe form 
solid solutions in which the energy gap varies continuously through zero so that 
it is possible to obtain any required small energy gap by selecting the appropriate 
composition. For 10 years during the late 1960s to the mid 1970s, HgCdTe alloy 
detectors were in serious competition with IV-VI alloy devices (mainly PbSnTe) for 
developing photodiodes because of the latter’s production and storage problems. 6,7 
The PbSnTe alloy seemed easier to prepare and appeared more stable. However, 
development of PbSnTe photodiodes was discontinued because the chalcogenides 
suffered from two significant drawbacks. The first drawback was a high dielectric 
constant that resulted in a high diode capacitance, and therefore a limited frequency 
response. For scanning systems under development at that time, this was a serious 
limitation. However, for the staling imaging systems that use 2D arrays (which 
are currently under development), this would not be such a significant issue. The 
second drawback to IV-VI compounds was their very high thermal coefficient of 
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expansion . 8 This limited their applicability in hybrid configurations with Si mul¬ 
tiplexers. Today, with the ability to grow these materials on alternative substrates 
such as Si, this would not be a fundamental limitation either. 

This chapter concentrates on ambient-temperature lead salt photodetectors op¬ 
erated in the SWIR and MWIR spectral ranges. PbS and PbSe IR detectors operate 
well at comparatively elevated temperatures for their spectral range coverage. 

8.1 PbS and PbSe Photoconductors 

A number of lead salt photoconductive reviews have been published . 3 ’ 9-22 One 
of the best reviews of development efforts in lead salt detectors was published by 
Johnson . 19 

8.1.1 Fabrication 

Deposition of polycrystalline PbS and PbSe films is described in Sec. 3.6.2. The 
films are deposited, either over or under plated gold electrodes, and on fused quartz, 
crystal quartz, single crystal sapphire, glass, various ceramics, single crystal stron¬ 
tium titanate, Irtran II (ZnS), Si, and Ge. The most commonly used substrate mate¬ 
rials are fused quartz for ambient operation and single crystal sapphire for detectors 
used at temperatures below 230 K. The very low thermal expansion coefficient of 
fused quartz relative to PbS films results in poorer detector performance at lower 
operating temperatures. Different shapes of substrates are used: flat, cylindrical, 
or spherical. To obtain higher collection efficiency, detectors may be deposited di¬ 
rectly by immersion onto optical materials with high indices of refraction (e.g., into 
strontium titanate). Lead salts cannot be immersed directly; special optical cements 
must be used between the film and the optical element. 

As was mentioned in Sec. 3.6.2, in order to obtain high-performance detectors, 
lead chalcogenide films must be sensitized by oxidation, which may be carried out 
by using additives in the deposition bath, by post-deposition heat treatment in the 
presence of oxygen, or by chemical oxidation of the film. Unfortunately, in the 
older literature the additives are seldom identified and are often referred to only as 
“an ocidant.” 12,23 A more recent paper deals with the effects of PLCU and K 2 S 2 O 8 , 
both in the deposition bath and in the post-deposition treatment. 24 It was found that 
both treatments increase the resistivity of PbS films. Although the resistivity usu¬ 
ally increases during the oxidation, a different behavior also has been observed. 25 
A sensitized PbS film may significantly degrade in air without an overcoating. 
Possible overcoating materials are AS 2 S 3 , CdTe, ZnSe, ALO 3 , MgF 2 , and SiCL. 
Vacuum-deposited AS 2 S 3 has been found to have the best optical, thermal, and me¬ 
chanical properties, and it has improved the detector performance. The drawback 
of the AS 2 S 3 coating is the toxicity of As and its precursors. Overall, however, the 
electric properties (resistivity, and in particular’, detectivity) of lead salt thin films 
are rather poorly reported, although there are many papers on PbS and PbSe film 
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growth. The effects of annealing and oxidation treatments on detectivity have not 
been reported accurately either. 

To explain the photoconductivity process in thin film lead salt detectors, three 
theories have been proposed. 14- 26 The first consists of increases in carrier density 
during illumination, the oxygen is assumed to introduce a trapping state that in¬ 
hibits recombination. The second mechanism is based primarily on the increase 
in the mobility of free carriers in the “barrier model.” It is assumed that potential 
barriers are formed during “sensitization” by heating in oxygen, either between the 
crystallites of the film or between n- and p-regions in nonuniform films. The third 
model (commonly referred to as the generalized theory of photoconductivity in 
semiconducting films in general, and for the lead salts in particular) was proposed 
by Petritz. In the review paper. Bode concluded that the Petritz theory provided 
a reasonable framework for general use even though the complex mechanisms in 
lead salts were still unsolved. 14 More recently, Espevik et al. provided significant 
additional support for the Petritz theory. 23 

PbS and PbSe materials are peculiar because they have a relatively long re¬ 
sponse time that affects the significant photoconductive gain. It has been suggested 
that during the sensitization process the films are oxidized, converting the outer 
surfaces of exposed PbS and PbSe films to PbO or a mixture of PbO A S(Sc)i_ { , 
and forming a heterojunction at the surface (which is shown schematically in 
Fig. 8.1). 27 Oxide heterointerfaces create conditions for trapping minority carri¬ 
ers or separating majority carriers and thereby extending the lifetime of the mate¬ 
rial. As was mentioned above, without the sensitization (oxidation) step, lead salt 
materials have very short lifetimes and a low response. 

The basic detector fabrication steps arc electrode deposition and delin¬ 
eation, active-layer deposition and delineation, passivation overcoating, mounting 
(cover/window), and lead wire attachment. Figure 8.2 shows a cross-section of a 
typical PbS detector structure. The entire device is overcoated for environmental 
protection and sensitivity improvement. Standard packing consists of electrode de¬ 
position and placement in a metal case with a window over the top. Wire leads arc 
placed in a groove in a substrate and gold electrodes arc usually vacuum-evaporated 
onto the film using a mask. 



Figure 8.1 PbSe polycrystalline fims after the sensitization process. The films are coated 
with PbO, forming a heterojunction on the surface. (Reprinted from Ref. 27.) 
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Figure 8.2 Typical structural configuration of PbS detector. (Reprinted from Ref. 19.) 


Photolithographic delineation methods are used for complex, high-density pat¬ 
terns of small element sizes. The outer electrodes are produced with vacuum depo¬ 
sition of bimetallic films such as TiAu. To passivate and optimize transmission of 
radiation into the detector, usually a quarter-wavelength thick overcoating of AS 2 S 3 
is used. Normally, detectors are sealed between a cover plate and the substrate with 
epoxy cement. The cover-plate material is ordinarily quartz, but other materials 
such as sapphire may be used to transmit longer wavelengths. This technique seals 
the detector reasonably well against humid environments. The top surface of the 
cover is normally made antireflective with a material such as MgF 2 - 

8.1.2 Performance 

Standard active-area sizes are typically 1-, 2-, or 3-mm squares. However, most 
manufacturers offer sizes ranging from 0.08 x 0.08 mm 2 to 10 x 10 mm 2 for PbSe 
detectors, and 0.025 x 0.025 mm 2 to 10 x 10 mm 2 for PbS detectors. Active areas 
arc generally square or rectangular; detectors with more exotic geometries have 
sometimes not performed up to expectations. 

When a lead salt detector is operated below — 20° C and exposed to UV radi¬ 
ation, semipermanent changes in responsivity, resistance, and detectivity occur . 21 
This is the so-called “flash effect.” The amount of change and the degree of perma¬ 
nence depend on the intensity of the UV exposure and the length of exposure time. 
Lead salt detectors should be protected from fluorescent lighting. They arc usually 
stored in a dark enclosure or overcoated with an appropriate UV-opaque material. 
They arc also hermetically sealed so their long-term stability is not compromised 
by humidity and corrosion. 

The spectral distribution of detectivity of lead salt detectors is presented in 
Fig. 8.3. Usually the operating temperatures of detectors arc between — 196°C 
and 100°C; it is possible to operate at a temperature higher than recommended, 
but 150°C should never be exceeded. Table 8.1 contains the performance range of 
detectors fabricated by various manufacturers. 

Below 230 K, background radiation begins to limit the detectivity of PbS de¬ 
tectors. This effect becomes more pronounced at 77 K, and peak detectivity is no 
greater than the value obtained at 193 K. Quantum efficiency of approximately 30% 
is limited by incomplete absoiption of the incident flux in the relatively thin ( 1 - to 
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Figure 8.3 Typical spectral detectivity for (a) PbS, and (b) PbSe photoconductors. 
(Reprinted with permission from a New England Photoconductor (NEP) data sheet.) 


Table 8.1 Performance of lead salt detectors ( 2n FOV, 300 K background). (Reprinted from 
Ref. 18 with permission from PennWell Corp.) 



T 

(K) 

Spectral 
response (pm) 

(pm) 

D* (A p , 1000 Hz, 1) 
(cm Hz 1 / 2 W -1 ) 

R/n 

(MQ) 

T 

(M-s) 

PbS 

298 

1-3 

2.5 

(0.1-1.5) x 10 11 

0.1-10 

30-1000 


243 

1-3.2 

2.7 

(0.3-3) x 10 11 

0.2-35 

75-3000 


195 

1-4 

2.9 

(1-3.5) x 10 11 

0.4-100 

100-10000 


77 

1-4.5 

3.4 

(0.5-2.5) x 10 11 

1-1000 

500-50000 

PbSe 

298 

1—4.8 

4.3 

(0.05-0.8) x 10 10 

0.05-20 

0.5-10 


243 

1-5 

4.5 

(0.15-3) x 10 10 

0.25-120 

5-60 


195 

1-5.6 

4.7 

(0.8-6) x 10 10 

0.4-150 

10-100 


77 

1-7 

5.2 

(0.7-5) x 10 10 

0.5-200 

15-150 


2- pm) detector material. The responsivity uniformity of PbS and PbSe detectors is 
generally of the order of 3% to 10%. 

The typical frequency response of PbS detectors is shown in Fig. 8.4. An opti¬ 
mum operating frequency arises from the combined effects of the 1 // noise at low 
frequencies and the high-frequency rolloff in responsivity. 

Modern lead salt detector arrays contain more than 1000 elements on a single 
substrate. Operability exceeding 99% is readily achieved for these arrays. Smaller 
arrays having 100 or fewer elements have been produced with operability of 100%. 
Arrays as large as several inches on a side use a linear configuration with a single 
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Figure 8.4 Peak spectral detectivity as a function of chopping frequency for a PbS pho- 
toconductive detector at 295 K, 193 K, and 77 K operating temperatures. (Reprinted from 
Ref. 21 with permission from Wiley.) 


row and either equal areas equally spaced, or variable sizes. Other configurations 
include dual rows either in-line or staggered (several staggered rows in staircase 
fashion, chevron, and double cruciform). 

Northrop Grumman EOS coupled 256-pixel PbSe arrays with Si multiplexer 
readout chips to fabricate assemblies with scanning capabilities. 28 Table 8.2 sum¬ 
marizes the performance of PbS and PbSe arrays in 128- and 256-element configu¬ 
rations. A long-lived thermoelectric element cools the detector/dewar assembly to 
provide lifetimes greater than 10 years. It should be noted, however, that lead salt 
photoconductive detectors have a significant 1// noise; e.g., for PbSe, a knee fre¬ 
quency is of the order of 300 Hz at 77 K, 750 Hz at 200 K, and 7 kHz at 300 K. 29 
This generally limits the use of these materials to scanning imagers. 

Figure 8.5 shows the multimode detector/multiplexer/cooler assembly manu¬ 
factured by Northrop Grumman. This device consists of a linear or bilinear array 
of 128 or 256 photoconductive PbSe elements integrated with either a single or 
dual 128-channel multiplexer chip to give the option of an odd/even or a natural 


Table 8.2 Typical performance of PbS and PbSe linear arrays with a CMOS multiplexed 
readout. Data was taken from Ref. 30. 


Configuration 
Element dimensions (pm) 

Center spacing (pm) 

D* (cmHz^/W) 

Responsivity (V/W) 

Element time constant (psec) 
Nominal element temperature (K) 
Operability (%) 

Dynamic range 
Channel uniformity (%) 


PbS 


128 

256 

91 x 102 

38 x 56 

(in line) 

(staggered) 

101.6 

soi 

3 x 10 11 

3 x 10 11 

1 x 10 8 

1 x 10 8 

< 1000 

< 1000 

220 

220 

>98 

>98 

< 2000: 1 

< 2000: 1 

±10 

±10 


PbSe 


128 

256 

91 x 102 

38 x 56 

(in line) 

(staggered) 

101.6 

50.8“ 

3 x 10 10 

3 x 10 10 

1 x 10 6 

1 x 10 6 

< 20 

<20 

220 

220 

>98 

>98 

< 2000: 1 

< 2000: 1 

±10 

±10 
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Figure 8.5 Multimode PbSe FPAs fabricated by Northrop Grumman. (Reprinted from 
Ref. 31.) 

sequence pixel analog output. The multiplexed array is thermoelectrically cooled 
and closed in a long-life evacuated package with an AR-coated sapphire window 
and mounted on a circuit board, as shown in the photograph. Similar assemblies 
containing PbS elements are also fabricated. 

In FPA fabrication, lead salt chalcogenides are deposited on Si or SiO from 
wet chemical baths. Such a monolithic solution avoids the use of a thick slab of 
these materials mated to Si, as is done with typical hybrids. The detector material 
is deposited from a wet chemical solution to form polycrystalline photoconductive 
islands on a CMOS multiplexer. Figure 8.6 shows a few of the 30-pm pixels in this 
detector array format. Northrop Grumman elaborated on monolithic PbS FPAs in 
a 320 x 240 format (specified in Table 8.3) with a pixel size of 30 pm . 31 Although 
PbS photoconductors may be operated satisfactorily at ambient temperature, per¬ 
formance is enhanced by utilizing a self-contained thermoelectric cooler. 



Figure 8.6 Monolithic PbS pixels in a 320 x 240 format. Pixel pitch is 30 urn. (Reprinted 
from Ref. 31.) 
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Table 8.3 Specifications for 320 x 240 PbS FPAs. 


FPA configuration 

Monolithic 320 x 240 PbS 

Pixel size (pm) 

30x30 

Detectivity (cmHz 1/,2 /W) 

8 x 10 10 (ambient); 3 x 10 11 (220 K) 

Type of signal processor 

CMOS 

Time constant (ms) 

0.2 (ambient); 1 (220 K) 

Integration options 

Snapshot 

Number of output lines 

2 

Frame rate (Hz) 

60 

Integration period 

Full frame time 

Max dynamic range (dB) 

69 

Active heat dissipation (mW) 

200 max 

Operability (%) 

>99 

Mux transimpedance (M£2) 

100 

Detector bias (V) 

0-6 (user adjustable) 


8.2 Lead Salt Photovoltaic Detectors 

In comparison with photoconductive detectors, lead salt photodiodes have been 
less exploited in the IR region and have not found numerous military and commer¬ 
cial applications. Technological interest in lead salt photodiodes increased in the 
late 1960s after the discovery of band crossings in the pseudobinary alloys PbSnTe 
and PbSnSe. 4 ’ 5 However, two drawbacks were identified: (1) the very high ther¬ 
mal coefficients of expansion were not compatible with those of Si by a factor of 7, 
and (2) a high dielectric constant resulted in limited frequency response, which is a 
serious limitation for scanning systems. As a result of these drawbacks, the devel¬ 
opment of IV-VI alloy photodiodes was discontinued in the mid 1970s. But these 
drawbacks would not present a fundamental limitation today because staling imag¬ 
ing systems currently under development have the ability to grow IV-VI materials 
on Si through the use of suitable buffer layers. Since work on photovoltaic IV-VI 
IR detectors is presently restricted to a very small scale, the technical development 
is far behind that of HgCdTe and related compounds. 

Lead salts can exist with very large deviations from steichiometry, and it is 
difficult to produce doping densities less than 10 16 cm -3 in n-type or 10 17 cm -3 
in p-type material. The material becomes n-type under metal-rich conditions and 
p-type under an excess of chalcogenide. This property is exploited to make photo¬ 
diodes. 

A wide variety of techniques has been used to form p-n junctions in lead salts. 
They have included interdiffusion, diffusion of donors, ion implantation, proton 
bombardment, Schottky barrier, and creation of n-type layers on p-type material 
by VPE or LPE. A summary of works for high-quality photodiode fabrication is 
given in Table 13.4 of the monograph Infrared Photon Detectors. 32 

Historically, interdiffusion was the first technique used to fabricate p-n junc¬ 
tions in lead salts, which produced a change in type due to a change in the stoichi- 
metric defects. 6 - 7 Most of the implant work in IV-VI semiconductors has been de¬ 
voted to the formation of n-on-p junction photodiodes, mainly covering the 3-5 pm 



Lead Salt Photodetectors 


205 


spectral region. An alternative technology, adopted especially to prepare long- 
wavelength photodiodes, was the use of heterojunctions of n-type PbTe (PbSeTe) 
deposited onto p-type PbSnTe substrates by LPE, VPE, MBE, and hot wall epitaxy 
(HWE). 32 - 33 A considerably simpler technique for photodiode fabrication involves 
evaporating a thin metal layer onto the semiconductor surface. It is a planar tech¬ 
nology with the potential for cheap fabrication of large arrays. An excellent review 
of Schottky-barrier IV-VI photodiodes with emphasis on thin-film devices has been 
given by Holloway. 34 Recent progress in the development of lead salt photodiodes 
has been reviewed by Zogg and Ishida. 22 Table 8.4 su mm arizes the performance 
of high-quality lead salt photodiodes operated with near room temperatures. 

Detector arrays made from lead salts tend to have very high uniformity in their 
cutoff wavelengths because of the relatively slow variation in bandgap with com¬ 
position. 

Photodiodes are fabricated in the lead salt layers with metal/semiconductor 
contacts or p-n junctions. For metal/semiconductor sensors, Pb has proven to be 
a good blocking material. The p-n junction works well with tellurides. Selenides 
exhibit a too-high diffusion in order to obtain reliable devices. For both types of 
junctions, the performance is limited by the dislocation densities in the layers. The 
low-temperature RqA products scale linearly with the inverse dislocation density. 
The optimal carrier concentration in the active region is in the low 10 17 cm" 3 
range. 

A first attempt to realize quasi-monolithic lead salt detector arrays was de¬ 
scribed by Barrett, Jhabvala, and Maldari, who elaborated on direct integration of 
PbS photoconductive detectors with MOS transitions. 39 - 40 In this process, the PbS 
films were chemically deposited on the overlaying Si02 and metallization. Detec¬ 
tivity at 2.0-2.5 pm of 10 11 cm Hz 1 / 2 W" 1 was measured at 300 K on an integrated 
photoconductive PbS detector-Si MOSFET preamplifier. Elements of 25 x 25 pm 2 
were easily fabricated. 

The research group at the Swiss Federal Institute of Technology demonstrated 
the first realization of monolithic PbTe FPA (96 x 128) on a Si substrate con¬ 
taining the active addressing electronics. 41 - 42 The monolithic approach used here 
overcomes the large mismatch in the thermal coefficient of expansion between the 
group IV-VI materials and Si. Large lattice mismatches between the detector ac¬ 
tive region and the Si did not impede fabrication of the high-quality layers because 
the easy plastic deformation of the IV-Vis by dislocation glide on their main glide 
system without causing structural deterioration. 

A schematic cross-section of a PbTe pixel grown epitaxially by MBE on a Si 
readout structure is shown in Fig. 8.7. A 2-3-nm thick CaF 2 buffer layer is em¬ 
ployed for compatibility with the Si substrate. Active layers of 2-3-pm thickness 
only suffice to obtain a near-reflection-loss limited quantum efficiency. The spec¬ 
tral response curves of PbTe photodiodes are shown in Fig. 8.8. Typical quantum 
efficiencies are around 50% without an AR coating. Metal-semiconductor Pb/PbTe 
detectors are employed. Each Pb-cathode contact is fed to the drain of the access 
transistor while the anode (sputtered Pt) is common for all pixels. Figure 8.9 shows 
a complete array. 
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Al-pad IR-sens. to Si 


1.2 pm Si 3 N 4 /Si0 2 passivation 


Al-pad on Si circuit 


Polyimide iso for IR-sens. 


Common anode 



IR radiation 


Figure 8.7 Schematic cross-section of one pixel showing the PbTe island as a back- 
side-illuminated photovoltaic IR detector, the electrical connections to the circuit (access 
transistor), and a common anode. (Reprinted from Ref. 41 with permission from IEEE.) 



Figure 8.8 Spectral responses of a PbTe photodiode. (Reprinted from Ref. 43 with permis¬ 
sion from IEEE.) 

Despite typical dislocation densities in the 10 7 cnf 2 range in epitaxial lattice 
and thermal-expansion-mismatched IV-VI on Si(lll) layers, useful photodiodes 
can be fabricated with R„A products to 200 £2 cm 2 at 95 K (with a 5.5-pm cutoff 
wavelength). This is due to the high permittivities of the IV-VI materials, which 
shield the electric field from charged defects over short distances. 

Lead salt heterostructure PV detectors also have been fabricated. The hetero¬ 
junctions were formed directly between the substrate and the IV-VI films. This 
solution has been employed to fabricate high-density monolithic PbS-Si hetero¬ 
junction arrays. 44 However, the performance of heterostructure arrays is inferior to 
the Schottky barrier and p-n junction arrays. 
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Figure 8.9 Part of the completely processed monolithic 96 x 128 PbTe-on-Si infrared FPA 
for the MWIR with the readout electronics in the Si substrate. Pixel pitch is 75 pm. (Reprinted 
from Ref. 42 with permission from IEEE.) 
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Alternative Uncooled Long- 
Wavelength IR Photodetectors 


As alternatives to the current market-dominant HgCdTe, a number of II-VI 
and III-V semiconductor systems have been proposed, including Hgi_ x Zn x Te 
(HgZnTe ), 1-5 Hg,_ x Mn x Te (HgMnTe ), 1-5 InAsi_ x Sb x (InAsSb ), 3 ' 6-8 
InSbi_ x Bi x (InSbBi ), 9 ’ 10 In|_ x Tl x Sb (InTlSb ), 10 ’ 11 and InAs-GaSb type-II 
superlattices . 12 ’ 13 

The wide body of information concerning different methods of crystal growth 
and physical properties is gathered in Chapter 3. This chapter concentrates on the 
technology and performance of IR detectors fabricated from Hg-based and III-V 
materials. 

9.1 HgZnTe and HgMnTe Detectors 

The technology for HgZnTe IR detectors has benefitted greatly from the HgCdTe 
device technology base . 1,3,5 In comparison with HgCdTe, HgZnTe detectors are 
easier to prepare due to their relatively higher hardness. The development of device 
technology requires reproducible high-quality, electronically-stable interfaces with 
a low interface state density. It was found that the tendency to form surface inver¬ 
sion layers on HgZnTe by anodization is considerably lower than that of HgCdTe . 14 
Also, fixed charges at the anodic oxide-HgZnTe interface (2 x 10 10 cm’ 2 at 90 K) 
are lower . 15 Additionally, it has been observed that the anodic oxide-HgZnTe inter¬ 
face is more stable under thermal treatment than the anodic-HgCdTe interface . 16 

The first HgZnTe photoconductive detectors were fabricated by Nowak in the 
early 1970s. 17 Because of their early stage of development, the performance of 
these devices was inferior to that of HgCdTe. Then Piotrowski et al. demonstrated 
that p-type Hgo. 885 Zno.n 5 Te can be used as a material for high-quality ambient 
10.6-pm photoconductors . 18 ’ 19 These photoconductors, working at 300 K, can 
achieve 10 8 cmHz'^W -1 detectivity with optimized composition, doping, and 
geometry. (Aspects of theoretical performance for both photoconductive and pho¬ 
tovoltaic detectors are discussed in Refs. 1-3 and 20-23.) 
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A HgZnTe ternary alloy also has been used to fabricatePEM detectors. The 
first nonoptimal detectors were also fabricated by Nowak in the early 1970s. 17 The 
theoretical design of HgZnTe PEM detectors was reported by Polish workers. 24 An 
uncooled 10.6-pin HgZnTe PEM detector made it possible to achieve a detectivity 
value equal to 1.2 x 10 8 cmHz'^W 1 . 

Several different techniques have yielded p-n HgZnTe junctions, includ¬ 
ing Hg in-diffusion, 1 - 525 Au diffusion, 1,5,26 ion implantation, 1,5 - 27-29 and ion 
etching. 1 - 5 - 21 - 30 To date, the ion implantation method gives the best-quality n + -p 
HgZnTe photodiodes. The type conversion in p-type material grown by the THM 
method was achieved by A1 implantation. 28 - 29 

The HgZnTe photodiode characteristics at 77 K are similar to those of HgCdTe 
photodiodes. Comparable values of R()A for both types of photodiodes have been 
obtained. 3,28 

Encouraging results have been achieved using a HgCdZnTe quaternary alloy 
system. Kaiser and Becla produced high-quality p-n junctions from quaternary 
Hgi_ x _ v Cd v Zn v Te epilayers prepared by ISOVPE on CdZnTe substrates. 31 Typi¬ 
cal spectral detectivities of p-n HgCdZnTe junctions are presented in Fig. 9.1. The 
FOV of the diodes was 60°C, with / = 12 Hz, and 7g — 300 K. Under these con¬ 
ditions, the detectivity of these photodiodes is comparable to those of high-quality 
HgCdTe photodiodes. 

Among the different types of HgMnTe IR detectors, primarily p-n junction pho¬ 
todiodes have been developed. 5,32,33 Also, the quaternary HgCdMnTe alloy sys¬ 
tem is an interesting material for IR applications. The presence of Cd, a third cation 
in this system, makes it possible to use composition to tune not only the bandgap 
but also other energy levels, in particular the spin-orbit-split band T 7 . 34, 35 Because 



Wavelength (j.im) 

Figure 9.1 Spectral detectivities of three HgCdZnTe photodiodes at 300 and 77 K. 
(Reprinted from Ref. 31 with permission from Materials Research Society.) 
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Figure 9.2 Spectral detectivities of HgMnTe and HgCdMnTe photodiodes with 60-deg FOV. 
(Reprinted from Ref. 32 with permission from AIR) 

of this flexibility, the system appears advantageous, especially for avalanche pho¬ 
todiodes. 

Becla produced good-quality p-n HgMnTe and HgCdMnTe junctions by an¬ 
nealing as-grown, p-type samples in Hg-saturated atmospheres. 32 These junctions 
were made in HgMnTe or HgCdMnTe bulk samples grown by THM, and epitaxial 
layers grown isothermally on the CdMnTe substrate. Typical spectral detectivities 
of the HgMnTe and HgCdMnTe photodiodes with 60-deg. FOV are presented in 
Fig. 9.2, which shows that the detectivities in the 3-5-pm and 8-12-pm spectral 
ranges are close to the background limit. Typical quantum efficiencies were in the 
20-40% range without using an AR coating. 

The potential advantage of the HgCdMnTe system is connected with the 
bandgap spin-orbit-splitting resonance (E g = A) effects in the impact ioniza¬ 
tion phenomena in short-wavelength avalanche photodiodes (APDs). 36 At room 
temperature, HgCdTe and HgMnTe systems provide an E g = A resonance at 
1.3 pm and 1.8 pm, respectively. To demonstrate the above possibility of obtain¬ 
ing high-performance HgCdMnTe APDs, Shin et al. used the boron-implantation 
method to fabricate the mesa-type structures for this quaternary alloy. 37 The RoA 
product was 2.62 x 10 2 % cm 2 , which is equivalent to a detectivity value of 
1.9 x 10 11 cmHz 1 / 2 W _1 at 300 K. The breakdown voltage defined at the dark 
current 10 pA was over 110 V. The leakage current at —10 V was 3 x 10 -5 A/cm 2 . 
This current density is comparable to that reported by Alabedra et al. for the planar 
bulk HgCdTe APDs. 38 The dark current for the 1.46-pm photodiodes was much 
lower than the dark currents reported for either bulk or LPE HgCdTe APDs. 
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Figure 9.3 Measured spectral responsivity and detectivity of noncooled 10.6-pm 
Hg-t_ r Mn v Te PEM detectors: R v (x = 0.08), R' v (x = 0.1), and R" (x = 0.07). 

Other types of HgMnTe detectors also have been fabricated. Becla et al. de¬ 
scribed Hgo. 92 Mno. 08 Te PEM detectors with an acceptor concentration of approx¬ 
imately 2 x 10 17 cm -3 . 39 To obtain such concentrations, the wafers cut from bulk 
crystals grown by THM were annealed in a Hg-saturated atmosphere. The wafers 
were then thinned to approximately 5 pm and mounted in the narrow slot of a 
miniature permanent magnet having a field strength of approximately 1.5 T. 

Figure 9.3 shows the experimental spectral voltage responses R v and detectivity 
D* of the HgMnTe PEM detectors . 39 Due to the high level of doping, the spectral 
characteristics are selective (the spectral half-width is approximately 6 pm). The 
best performance for detecting IR radiation was achieved using Hgi_ x Mn x Te with 
composition x of approximately 0.08-0.09. At that composition range, the peak 
detectivity of the detector was in the region of 7-8 pm. Any reduction or increase 
in the composition of Hgi_ A Mn A Te leads to a performance reduction at 10.6 pm, 
as shown in Fig. 9.3. 

9.2 lll-V Detectors 

Earlier data suggest that InAs|_ A Sb A can exhibit a cutoff wavelength up to 12.5 pm 
at 300 K (the minimum energy gap appears at composition x = 0.65). 6 However, 
some recent experimental results demonstrated that the cutoff wavelength of epi¬ 
taxial layers can be longer than 12.5 pm; instead, results suggest that it is possible 
to cover the entire 8-14 pm range at near room temperature. This may be due to 
structural ordering . 40 - 41 
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Figure 9.4 Voltage-dependent responsivity of the lnAso. 23 Sbo .77 photoconductor at 
10.6 pm. (Reprinted from Ref. 7 with permission from Thomson Scientific.) 

InAsSb photoconductive detectors are based on p-InAsSb/p-InSb heterostruc¬ 
tures. A room-temperature photoresponse up to ~ 14 pm has been obtained at 
300 K. 7 - 41 Figure 9.4 displays the voltage-dependent responsivity at 10.6 pm. It 
increases with applied voltage and reaches saturation at around 3 V, which corre¬ 
sponds to the values of 5.8 mV/W at 300 K and 10.8 mV/W at 200 K, respectively. 
From the voltage-dependent responsivity measurement, an effective lifetime of ap¬ 
proximately 0.14 ns has been obtained. The estimated detectivity at A = 10.6 pm 
is limited by Johnson noise at the level of approximately 3 x 10 7 cmHz 1 / 2 AV at 
300 K. This is below the theoretical limit (~1.5 x 10 8 cmHz^W -1 ) set by the 
Auger generation-recombination process. 

Photovoltaic devices consist of a double heterojunction of p + -InSb/7t- 
InAsi_ x Sb v /n + -InSb on (001)GaAs [see Fig. 9.5(a)]. In spite of the large lattice 
mismatch between the InAsSb and GaAs, InAsSb detectors have exhibited good 
characteristics and showed their feasibility for the near room temperature LWIR 
photodetectors. The photodiode optimized for A = 10.6 pm was characterized by 
the voltage responsivity-area product of 3 x I 0“ 7 V cm 2 /W and detectivity of 
~1.5 x 10 8 cm Hz 1 / 2 W -1 . Preliminary experiments on the biased mode operation 
of InAsSb heterojunction photodiodes demonstrated that the voltage responsivity 
at near room temperature has been increased by a factor of ~3 at 0.4 V reverse 
bias [see Fig. 9.5(b)]. A further increase in responsivity can be achieved through a 
lower doping level. 

Rogalski et al. reported a theoretical analysis of MWIR and LWIR InAsi_ A Sb A 
(0 <x < 0.4) photodiodes with operation extending to the 200-300 K tempera¬ 
ture range. 42 It has been shown that the theoretical performance of high- tempera¬ 
ture InAsSb photodiodes is comparable to that of HgCdTe photodiodes. Figure 9.6 
presents a theoretical limit to the RqA product for p + -n InAsSb photodiodes op- 
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Figure 9.5 A p+-lnSb/7t-nAs 015 Sb 0 85 /n+-lnSb heterojunction photodiode: (a) spec¬ 
tral voltage responsivity (schematic of a photodiode structure in the insert), and 
(b) bias-dependent voltage responsivity. (Reprinted from Ref. 7 with permission from Thom¬ 
son Scientific.) 
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Figure 9.6 The dependence of the RqA product on the long-wavelength cutoff for p+-n 
lnAsi_ T Sb v photodiodes at temperatures 200 and 300 K. The solid curves are calculated for 
two doping concentrations (10 15 cm -3 and 10 16 cm -3 ) in the base region of the photodiode 
with thickness of 15 pm; a carrier concentration of 10 18 cm -3 in the p+-cap layer with 
thickness equal to 1 pm is assumed. The experimental data are taken from Refs. 43 (O), 
44 (•), 45, and 46. 


erated at 200 and 300 K in the 3-8 pm spectral range when doping level in the 
base n-type layer ( 10 15 cm -3 and 10 16 cm -3 ) is close to the level available in 
practice . 42 For comparison with theoretical predictions, only limited experimental 
data is marked. The agreement is satisfactory. 

A new material system, InTlSb, was proposed as a potential IR material for 
the LWIR region . 10 - 47 Room-temperature operation of InTlSb photodetectors has 
been demonstrated with a cutoff wavelength of approximately 11 pm. 

As another alternative to the HgCdTe material system, InSb|_ v Bi v has been 
considered . 10 - 47 However, the growth of the InSbBi epitaxial layer is difficult due 
to the large solid-phase miscibility gap between InSb and InBi. Successful growth 
of the InSbBi epitaxial layer on InSb and GaAs (100) substrates with a substantial 
amount of Bi (~ 5%) has been demonstrated using low-pressure MOCVD . 8 - 9 The 
responsivity of the InSbo. 95 Bio .05 photoconductor at 10.6 pm is 1.9 x 10 -3 V/W 
at room temperature, and the corresponding Johnson-noise limited detectivity is 
1.2 x 10 6 cmHz'^/W. 

InSb-based materials also have been used to fabricate nonequilibrium devices 
(see Sec. 4.3.2). The first nonequilibrium InSb detectors had a p + - 7 t-n + structure, 
where n represents low doped p-type material, which is intrinsic at the operating 
temperature . 46 An accurate analysis of the diode current source at room tempera- 
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Figure 9.7 Temperature dependence of the RqA product for a InSb photodiode. 

Circles indicate experimental data; the solid lines show calculated values based on both 
Shockley-Read and Auger-generation mechanisms in the n and p+ regions. (Reprinted from 
Ref. 46.) 


ture indicates a predominant contribution of A7 generation in the p + material. At 
temperatures below 200 K, diode performance is determined by Shockley-Read 
generation in the n region (Fig. 9.7). Davies and White’s investigatations of the 
residual currents in Auger-suppressed photodiodes, showed that removing elec¬ 
trons from the active region alters the occupancy of the traps, which leads to an 
increased generation rate from the Shockley-Read traps in the active region. 48 

It was also shown that a thin strained layer of InAlSb between the p + and n 
regions produces a bander in the conduction band that substantially reduces the 
diffusion of electrons from the p + layer to the n region, leading to an improvement 
in room-temperature performance. 49 This type of p + -P + -7t-n + InSb/In;_ x Sb mod¬ 
ified structure is shown schematically in Fig. 9.8. The structure was fabricated by 
MBE at 420°C using Si-doped (n-type) and Be-doped (p-type) InSb layers. MBE 
is an attractive growth technology for future devices because it allows accurate 
control of epilayer purity, thickness, type, and composition, which is coupled with 
a low-growth temperature that may yield lower Shockley-Read center densities. 50 
Typical doping concentrations and thicknesses of individual layers are marked in 
Fig. 9.8(a). The composition, x, of the Ini_ x Al t Sb bander is 0.15, which gives a 
conduction band bander height estimated to be 0.26 eV. The central region is typi¬ 
cally 3 pm thick and not deliberately doped. Circular diodes of 300-pm diameter 
were fabricated by mesa etching to the p + region and were passivated with an an¬ 
odic oxide. Sputtered Cr/Au contacts were applied to the top of each mesa, with an 
annual geometry having an internal diameter of 180 pm and an external diameter 
of 240 pm, and to the p + region. A 0.7-pm-thick, thin oxide layer was used as the 
AR coating. 
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Figure 9.8 Schematic cross-section of (a) the p+-P + -7t-n+ InSb/Ini _ A Al v Sb heterostruc¬ 
ture photodiode, and (b) its energy band diagram. (Reprinted from Ref. 49.) 

P + -P + -7t-n + InSb/In |_ X Al x Sb unbiased heterostructure photodiodes give de¬ 
tectivity above 2 x 10 9 cmHz^W -1 with a peak responsivity at 6 pm. This 
value is an order of magnitude higher than the value of typical, commercially avail¬ 
able, single-element thermal detectors. The structure shown in Fig. 9.8(b) has been 
tested on 256 x 256 pixel arrays with a 40-pm pitch. The NEDT in an //2.3 FOV 
was background-limited up to 110 K. 51 

Figure 9.9 compares theoretical curves for detectivity, calculated from the 
zero-bias resistance for a conventional p + -n diode and an epitaxially grown 
p + -P + -"v-n + structure with a 3-pm thick active region. There is, for example, 
an increase in operating temperature of approximately 40 K in the vicinity of 
200 K. However, InSb detectors operated at near ambient temperature are not 
well matched to the 3-5-pm atmospheric trans mis sion window. One solution is 
to form the active region from Ini_ x Al x Sb with a composition such that the cut¬ 
off wavelength is decreased to the optimum value. Obtaining a 5-pm cutoff would 
require x ~ 0.023 at 200 K and x ~ 0.039 at room temperature. The predicted de¬ 
tectivity for materials with a constant 5-pm cutoff wavelength is plotted by dotted 
line in Fig. 9.9. Background-limited detectivity in a 2n FOV can be achieved at 
200 K, which is achievable with Peltier coolers, leading to the possibility of high- 
performance, compact, and comparatively inexpensive imaging systems. 
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Figure 9.9 Calculated detectivity vs. temperature for InSb photodiodes, comparing bulk 
InSb (dashed), epitaxial InSb (solid), and epitaxial InAISb with a 5-|im cutoff wavelength 
(dotted). (Reprinted from Ref. 49.) 

In the first instance, the p + -n-n + 256 x 256 Ino. 965 Alo, 03 sSb FPAs have been 
demonstrated. Resonable performance was maintained up to 150 K; at 130 K, the 
NEDT was below 20 mK. 51 

9.3 lnAs/Gai_ x ln*Sb Type-ll Superlattice Detectors 

Type-II superlattices have been proposed as another alternative for IR photodetec¬ 
tors in the LWIR range. In comparison to HgCdTe, the higher effective mass of 
electrons and holes as well as the slower Auger recombination rate lead to a lower 
dark current and a higher operating temperature in type-II superlattices. Unlike 
with type-I superlattices, one can modify the energy of the conduction and va¬ 
lence minibands of a type-II superlattice with a high degree of freedom. The major 
advantages of the superlattice material arc the mechanically robust III-V material 
and the direct bandgap. InAs-GalnSb type-II superlattices have shown promising 
results in the LWIR range at low temperatures. 52 

Figure 9.10 compares the RqA values of an InAs/GalnSb superlattice and 
HgCdTe photodiodes in the long-wavelength spectral range. 53 The upper line de¬ 
notes the theoretical diffusion-limited performance corresponding to A7 limitation 
in p-type HgCdTe material. As can be seen in Fig. 9.10, the most recent photodiode 
results for superlattice devices rival those of practical HgCdTe devices, thus indi¬ 
cating a substantial improvement in superlattice detector development. Significant 
improvement in device fabrication has been achieved in the last several years, and 
the device performance is close to the potential limit. 

In the high-temperature range, the performance of LWIR photodiodes is lim¬ 
ited by the diffusion process. For example, Fig. 9.11 shows the experimental data 
and the theoretical prediction of the RqA product as a function of temperature for 
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Figure 9.10 Dependence of the RqA product of InAs/GalnSb SLS photodiodes on cutoff 
wavelength compared to theoretical and experimental trendlines for comparable HgCdTe 
photodiodes at 78 K. 


Temperature (K) 



Figure 9.11 The experimental data and the theoretical prediction of the R 0 A product as a 
function of temperature for an InAs/GalnSb photodiode with an 11-pm cutoff wavelength. 
The activated trap density is taken as a constant (1 x 10 12 cm -3 ) in the simulation over the 
whole temperature range. (Reprinted from Ref. 54.) 


an InAs/GalnSb photodiode with a 11 - pm cutoff wavelength. The photodiodes are 
depletion-region (generation-recombination) limited in the 50-80 K temperature 
range. The trap-assisted tunneling is dominant only at a low temperature (<50 K) 
with almost constant activation trap density (1 x 10 12 cm -3 ). Assuming identi¬ 
cal material quality with the same activated trap density, the RoA values exceed 
100 £2 cm 2 even though a cutoff wavelength of 14 pm can be achieved. 
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Figure 9.12 The responsivity spectra of the device at 78 and 300 K with an in-plane elec¬ 
trical field of 5 V/cm. (Reprinted from Ref. 12 with permission from IEEE.) 

Recently published results also have shown that an InAs/Gai_ A In v Sb type-II 
material system is very promising for uncooled LWIR detectors. 12,41,58 Perhaps 
the most important problem is still the growth of type-II detectors since the overall 
performance of the device greatly depends on superlattice quality. 

InAs-GaSb superlattices were grown by MBE on semi-insulating (OOl)GaAs 
substrates. Photoconductive detectors fabricated from the superlattices showed an 
80% cutoff at approximately 12 pm. The responsivity of the device (see Fig. 9.12) 
is approximately 2 mA/W with a 1 V bias (electrical field 5 V/cm). The maximum 
measured detectivity of the device is 1.3 x 10 8 cmHz'^AV (without any immer¬ 
sion lens or AR coating) at 11 pm at room temperature. The detectivity value is 
higher than that of the commercially available uncooled HgCdTe detectors at a sim¬ 
ilar wavelength. The detector shows very weak temperature sensitivity. The carrier 
lifetime, t — 26 ns, is an order of magnitude longer than the carrier lifetime in 
HgCdTe with a similar bandgap and carrier concentration. This provides evidence 
to the suppression of Auger recombination in this material system. 

Figure 9.13 compares the calculated detectivity of Auger generation-recombin¬ 
ation limited HgCdTe photodetectors as a function of wavelength and operating 
temperature with the experimental data of cooled and uncooled type-II detectors 
at the Center for Quantum Devices, Northwestern University (U.S.). The Auger 
mechanism is likely to impose fundamental limitations to the FWIR HgCdTe de¬ 
tector performance. The calculations have been performed for doping levels equal 
to Nd = 5 x 10 15 cm -3 . These results confirm that the type-II superlattice is a good 
candidate for IR detectors operating in the spectral range from the mid-wave to the 
very long-wave IR. 

9.4 Thermal Detectors 

The use of thermal detectors for IR imaging has been the subject of research and 
development for many decades. Thermal detectors are not useful for high-speed 
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Figure 9.13 Calculated performance of Auger generation-recombination limited HgCdTe 
photodetectors as a function of wavelength and operating temperature. BLIP detectivity has 
been calculated for 2 tt FOV, the background temperature is Lblip = 300 K, and the quantum 
efficiency n = 1. The experimental data is taken for cooled and uncooled type-ll detectors 
at the Center for Quantum Devices, Northwestern University (U.S.). The calculations have 
been performed for a doping level equal to Nj = 5 x 10 15 cm -3 . 


scanning thermal imagers. However, with large arrays of thermal detectors, the 
best values of NEDT below 0.1 K could be reached because effective noise band- 
widths less than 100 Hz can be achieved (see Fig. 9.14). 59-64 Realization of this 
fact caused a new revolution in thermal imaging, which is underway now. This 
is due to the development of 2D electronically scanned arrays, in which moder¬ 
ate sensitivity can be compensated with a large number of elements. Large-scale 
integration combined with micromachining has been used to manufacture large 
2D arrays of uncooled IR sensors. This enables fabrication of low-cost and high- 
quality thermal imagers. Although developed for military applications, low-cost IR 
imagers are used in nonmilitary applications, such as for a driver’s aid, an aircraft 
aid, industrial process monitoring, community services, firefighting, portable mine 
detection, night vision, border surveillance, law enforcement, search and rescue, 
and more. 

Figure 9.15 shows a 50-pm pixel in the most common uncooled microbolome¬ 
ter device structure. The microbolometer consists of a 0.5-pm-thick bridge of 
Si 3 N 4 suspended approximately 2 pm above the underlying Si substrate. The use 
of a vacuum gap of approximately 2.5 pm, together with a quarter-wave resonant 
cavity between the bolometer and the underlying substrate, can produce a reflector 
for wavelengths near 10 pm. The bridge is supported by two narrow legs of Si 3 N 4 , 
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Figure 9.14 The NETD vs. equivalent noise bandwidth for typical thermal detector detec¬ 
tivities. (Reprinted from Ref. 64.) 


Figure 9.15 Monolithic uncooled microbolometers with 50-pm pixels. Clockwise from upper 
left: isolation arm on the side, two sides, and twice on two sides. Improving the thermal 
isolation, which is achieved with long leg lengths, sacrifices the fill factor. (Reprinted from 
Ref. 65.) 


which provide the thermal isolation between the microbolometer and the heat-sink 
readout substrate. Long, thin legs are anchored to the readout surface. The most 
popular thermistor materials used to fabricate the monolithic bolometer structures 
arc vanadium dioxide (VO. T ) or amoiphous Si suspended above the surface in a 
large resistive pad. Both materials are characterized by high thermal coefficients of 
resistance, typically about 2%/K. 
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Figure 9.16 IR image taken by a 480 x 640 pixel microbolometer. These devices can detect 
temperature variations smaller than 0.1 K. (Reprinted from Ref. 67.) 


The detection range of many uncooled IR imaging systems is limited by pixel 
resolution rather than sensitivity. However, the NEDT is inversely proportional to 
the pixel area, so the development of highly sensitive 25-pm microbolometer pix¬ 
els presents significant challenges in both fabrication process improvements and 
in pixel design. Recent bolometer arrays arc only a factor of 2 or 3 away from the 
temperature fluctuation noise limit for current values of thermal isolation, and opti¬ 
mism remains for further advances. 66 The //1 NEDT performance of 25-pm-pitch 
microbolometer FPAs is projected to be below 20 mK. 62 Figure 9.16 illustrates an 
IR image from the large 480 x 640 array format with NEDT below 0.1 K. In gen¬ 
eral, the NEDT goal is 10 mK for high-performance applications; instead, low-cost 
performance applications (e.g., security sensors) use 160 x 120 pixels, 50 x 50 pm, 
and an NEDT of 100 mK. 

Pyroelectric detectors are also used for thermal imaging but in a hybrid config¬ 
uration. The imaging systems that arc based on pyroelectric arrays usually must be 
operated with optical modulators, which chop or defocus the incoming radiation. 
This may be an important limitation for many applications in which chopperless 
operation is highly desirable (e.g., guided munitions). 

A pyroelectric/ferroelectric bolometer detector [barium strontium titanate 
(BST) ceramic] was the first hybrid to enter production and is the most widely 
used type of thermal detector (in the U.S., the Cadillac Division of General Motors 
has pioneered this application, selling thermal imagers to customers for just under 
$2000). 61 Although many applications for this hybrid array technology have been 
identified and imagers employing these arrays arc in mass production, no hybrid 
technology advances arc foreseen; the thermal conductance of the bump bonds is so 
high that the array NETD (//1 optics) is limited to approximately 50 mK. There- 



226 


Chapter 9 


fore, pyroelectric array technology is moving toward monolithic Si microstructure 
technology. The monolithic process should have fewer steps and shorter cycle time. 
Most ferroelectrics tend to lose their interesting properties as thickness is reduced. 
However, some ferroelectric materials seem to maintain their properties better than 
others. This seems particularly true for lead titanate and related materials, whereas 
with BST, the material does not hold its properties well in the thin-film form. 

The typical cost of cryogenically cooled imagers of around $50,000 (U.S.) 
restricts their installation to critical military applications involving operations in 
complete darkness. The commercial systems (microbolometer imagers, radiome¬ 
ters, and ferroelectric imagers) are derived from military systems that are too costly 
for widespread use. Imaging radiometers employ linear thermoelelctric arrays op¬ 
erating in the snapshot mode; they arc less costly than the TV-rate imaging ra¬ 
diometers that employ microbolometer arrays. 61 As the volume of production in¬ 
creases, the cost of commercial systems will inevitably decrease (see Table 9.1). 

The performance requirements of near room temperature photodetectors for 
thermal cameras are considered in Sec. 1.3. Figure 1.7 shows the detectivity de¬ 
pendence on cutoff wavelength for a photon counter detector thermal imager with 
a resolution of 0.1 K. Detectivities of 1.9 x 10 8 cmHz'^AV, 2.3 x 10 s cmHz'^AV, 
and 2 x 10 9 cmHz'^AV are necessary to obtain NEDT = 0.1 K for 10- qm, 9-pm, 
and 5-pm cutoff wavelength photon counter detectors, respectively. These estima¬ 
tions indicate that the ultimate performance of HgCdTe uncooled photodetectors is 
not sufficient to achieve the required 0.1 K thermal resolution (which is possible 
with optical immersion or nonequilibrium operation). A thermal resolution below 
0.1 K is achieved for staling thermal imagers containing thermal detector FPAs. 

As Eq. (1.8) shows, the thermal resolution improves with an increase in detector 
area, although, increasing the detector area results in reduced spatial resolution. 
Hence, a reasonable compromise is necessary between the requirements of high 
thermal resolution and spatial resolution. Improving the thermal resolution without 
reducing the spatial resolution may be achieved by the following: 


Table 9.1 Approximate costs of commercial uncooled arrays for thermal imagers. 


Feature 


Cost (U.S. $) 


640 x 480 pixel, 25 x 25 pm bolometer arrays 15,000 

384 x 288 pixel, 35 x 35 pm or 25 x 25 pm bolometer arrays 4000—5500 

320 x 240 pixel, 50 x 50 pm bolometer arrays 3500—5000 

320 x 240 pixel, 50 x 50 pm bolometer arrays for imaging radiometers* 15,000—30,000 

120 x 1 pixel, 50 x 50 pm thermoelectric arrays for imaging radiometers* <8000 

320 x 240 pixel, 50 x 50 pm hybrid ferroelectric bolometer array imagers for 1500—3000 

driver’s vision enhancement 

160 x 120 pixel, 50 x 50 pm bolometer arrays for thermal imagers <2000 

160 x 120 pixel, 50 x 50 pm bolometer arrays for driver’s vision enhancement <2000 

systems 

160 x 120 pixel, 50 x 50 pm bolometer arrays for imaging radiometers* <4000 


*The cost of arrays for radiometers is considerably higher and depends on specific performance 
requirements. Estimates given in table should be treated as approximate. 



Alternative Uncooled Long-Wavelength IR Photodetectors 


227 


• An increase in the detector area, combined with a corresponding increase in 
focal length and the objective aperture; 

• An improvement in detector performance; and 

• An increase in the number of detectors. 

An increase in aperture is undesirable because it increases the size, mass, and 
price of an IR system. It is more desirable to use a detector with higher detectivity. 
Another possibility is to apply multi-elemental sensors, which reduces each ele¬ 
ment bandwidth proportionally to the number of elements for the same frame rate 
and other parameters. 

It is of interest to compare the performance of uncooled photon and thermal de¬ 
tectors in the MWIR (A — 5 pm) and LWIR (A = 10 pm) spectral range. A recently 
published paper by Kinch includes this comparison. 68 Figure 9.17 compares the 
theoretical NEDT of detectors operated at 290 K for //1 optics and a 1 mil pixel 
size. A N+-7T-P+ HgCdTe photodiode was chosen as a photon detector, as first 
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Figure 9.17 Theoretical NEDT comparison of uncooled thermal and HgCdTe uncooled pho¬ 
ton (a) LWIR, and (b) MWIR detectors. (Reprinted from Ref. 68 with permission from TMS.) 
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proposed by Elliott and Ashley, 69 and n designates an intrinsic region containing 
a p-type background dopant equal to 5 x 10 14 cm -3 with a carrier lifetime lim¬ 
ited by the A7 process. It was also assumed that the detector node capacity could 
store the integrated charge due to the detector dark current. Figure 9.16 shows that 
the ultimate performance of uncooled HgCdTe photon detectors is far superior to 
thermal detectors at wide frame rates and spectral bands. 

Comparing both curves for thermal detectors in Fig. 9.16, we see that for long 
integration times in the FWIR region, excellent performance is achieved when 
NEDT values arc below 10 mK and frame rates are 30 Hz. However, for snap¬ 
shot systems with integration times below 2 ms, the available NEDT is greater 
than 100 mK even at the LWIR region. For the MWIR band, the thermal detector 
has obvious performance limitations at any frame rate. 
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Final Remarks 

10.1 Summary of Progress to Date 

During the past several decades, several papers have recognized the fundamental 
and technological limitations to uncooled photodetector performance. 1-5 Various 
types of uncooled photodetectors have been developed and their performance has 
steadily improved. Photoconductors and PEM detectors were the first uncooled 
devices used for fast detection of long-wavelength radiation without cooling. The 
present generation of uncooled LWIR devices consists of photovoltaic devices 
based on Hgi_ A Cd A Tc multilayer heterostructures. The problems of poor quantum 
efficiency and large series resistance have been solved through the adoption of so¬ 
phisticated heterostructure 3D architectures in combination with reduced physical 
volume of an active element by using integrated optical concentrators and optical 
resonance. 6 

Uncooled photodetectors arc commercially available and manufactured in sig¬ 
nificant quantities, mostly as single-element devices. 6, 7 They have found important 
applications in IR systems that require fast response. Initially, they were mostly 
CO 2 laser receivers. 1 Examples of present applications are IR spectrophotometers 
(dispersive, Fourier, and laser), sensitive gas analyzers, nondestructive materials 
testing, plasma physics, laser metrology and technology, alerters, wide-bandwidth 
optical communication systems, laser rangefinders, anti-collision systems, smart 
munition sensors, lidars, and many others. 6 The new applications include various 
quantum cascade laser-based systems, especially gas analyzers. 8 

Progress in near room temperature FPAs is relatively slow. One possible reason 
is the more difficult implementation of optical concentrators and low resistance 
input readout circuits. Recently, Peltier-cooled MWIR focal plane arrays with re¬ 
spectable NETD were demonstrated. 9 

10.2 Directions for Future Development 

In general, theoretical analysis has shown that there is no fundamental obstacle to 
obtaining room temperature operation of photon detectors with background-limited 
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performance and subnanosecond response time. 1-3 The remaining problems arc 
technological rather than fundamental. 

Where arc we now? The performance of uncooled MWIR photodetectors, and 
especially thermoelectric ally cooled ones, closely approaches the BLIP limit. In 
contrast, a gap of one order of magnitude still exists between the peak D* of LWIR 
detectors (both thermoelectically cooled equilibrium devices and the best uncooled 
Auger suppressed ones) and the BLIP limit. 

Additional gains could be expected with equilibrium devices that are based 
on known semiconductors since the devices do not reach limits imposed by Auger 
thermal generation. Significant progress could be expected in uncooled and Peltier- 
cooled arrays by adopting methods that were previously used for single-element 
devices and by developing readout circuits optimized for low-resistance detec¬ 
tors. The BLIP performance cannot be achieved in the long-wavelength range with 
equilibrium-mode Hgi_ Y Cd A Te devices operating at temperatures achievable with 
present Peltier coolers. 

The nonequilibrium mode of Auger suppression seems to be a viable approach 
to drive the operating temperature of the near-BLIP Hgi_ x Cd A Te photodetectors 
into the uncooled regime. 2 - 4 Reducing the background acceptor doping below 
10 14 cm -3 and trap concentration below ~10 13 cm -3 is required for 2n BLIP 
performance at A = 10 pm, as shown in Figs. 10.1 and 10.2. The requirement for 
doping is softened by almost 1 order of magnitude for 4- pm devices in compari¬ 
son with 10.6-pm devices. In contrast, trap concentration requirements are more 
stringent for MWIR devices. 

These requirements present a significant material challenge. While donor dop¬ 
ing of ~1 x 10 14 cm" 3 is possible with background In-doped, Te-rich LPE layers, 
acceptor doping below 1 x 10 15 cm -3 is difficult to achieve. The reduction of ac¬ 
ceptor concentration is also important because acceptors are expected to act as SR 
recombination centers. 



Cut-off wavelength (pm) 

Figure 10.1 Doping at which the A7-generated current is equal to the back- 
ground-generated levels. (Reprinted from Ref. 2 with permission from AIP.) 
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Figure 10.2 Trap concentration at which the trap-generated current is equal to the back- 
ground-generated levels. (Reprinted from Ref. 2 with permission from AIR) 


In addition to low dopant and trap concentration, a primary unresolved issue 
is the excess low-frequency noise. Further design refinement of Auger-suppressed 
devices would be necessary to achieve the potential performance in practice. 10 

It should be noted that the performance of Auger-suppressed photodetectors 
could be enhanced by the use of optical immersion and a resonant optical cavity. 
Apart from the usual gain in performance, optical immersion highly reduces the 
bias power dissipation, which would be important in large-sized elements and in 
future multielement arrays of photodetectors. Another advantage is the significant 
reduction of radiative exchange between adjacent elements in an array. These im¬ 
provements should lead to uncooled near-BLIP photodetectors with present-quality 
materials. 

Another possible solution is to use new natural and artificial semiconductors in 
which the Auger suppression could be achieved due to the specific electronic struc¬ 
ture at the equilibrium mode of operation. 11,12 They could provide performance at 
least equivalent to thermal detectors but with cutoff frequencies many orders of 
magnitude higher. 
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